Synthesis and characterization of useful polymer-based surface layers and bulk materials by Sha, Xue
  
 
Synthesis and Characterization of Useful Polymer-Based Surface 
Layers and Bulk Materials  
 
A Thesis  
Submitted to the Faculty  
of 
Drexel University 
by 
Xue Sha 
in partial fulfillment of the  
requirements for the degree  
of 
Doctor of Philosophy  
June 2014 
 
ii 
 
iii 
Dedications 
 
This thesis is dedicated to my parents, Mr. Dong Sha and Ms. Caiyan Shi, for their 
continuous and unconditional love, support, encouragement and inspiration. 
 
iv 
Acknowledgments 
 
 
 I would like to take a moment to thank all of the individuals who helped me and 
had an influence on my success of completing my doctoral studies at Drexel University. 
First and foremost, I would like to thank my advisor, Dr. Lynn S. Penn, who supported 
me strongly throughout this journey and guided me patiently to pursue my line of 
research. The experiences I have had in her lab were both challenging and rewarding.   
 
 I would like to thank various people in Penn’s group:  Dr. Xiaohe Xu, Dr. 
Chengjun Sun, and Ms. Sharan Metha, who have contributed to the research and work 
presented herein.  
 
 I would like to thank my dissertation defense committee including Dr. Joe Foley, 
Dr. Karl Sohlberg, Dr. Daniel King, Dr. Jun Xi, Dr. Monica Ilies, who are all from 
Drexel University, and Dr. Alexander Sidorenko from University of the Sciences in 
Philadelphia.  Their valuable insights and suggestions have greatly improved the work 
presented within this dissertation.  
. 
 I am thankful to my past and present fellow graduate students and friends, who 
gave me immense help whenever I needed it and made my stay at Drexel enjoyable.  
 
v 
Table of Contents 
 
List of Tables .................................................................................................................... ix 
List of Figures .................................................................................................................... x 
Abstract .......................................................................................................................... xvii 
Chapter 1. Instrumental Methods ................................................................................... 1 
1.1 Introduction of the quartz crystal microbalance with dissipation monitoring .............. 1 
1.1.1 The principles of operation of the QCM ............................................................... 2 
1.1.2 The operation of the QCM-D ................................................................................ 7 
1.1.3 Analysis of QCM data ........................................................................................... 8 
1.1.4 QCM-D sensor discs ........................................................................................... 11 
1.1.5 Advantages of the quartz crystal microbalance .................................................. 11 
1.1.6 Applications of the QCM-D ................................................................................ 12 
1.2 Introduction of dynamic mechanical analysis ............................................................. 13 
1.2.1 The basic set-up of DMA .................................................................................... 13 
1.2.2 Background of DMA........................................................................................... 15 
1.2.3 Analysis of DMA data ........................................................................................ 18 
1.2.4 Applications of DMA .......................................................................................... 20 
Chapter 2. Quartz Crystal Microbalance (QCM): Useful for Developing Procedures 
for Immobilization of Proteins on Solid Surfaces ........................................................ 22 
2.1 Introduction to protein immobilization ....................................................................... 22 
2.1.1 Protein immobilization methods ......................................................................... 22 
2.1.1.1 Physical adsorption of protein ..................................................................... 23 
2.1.1.2 Chemical methods of protein immobilization ............................................. 23 
 
vi 
2.1.1.3 Biological methods of protein immobilization ............................................ 28 
2.1.2 Applications of protein immobilization .............................................................. 29 
2.1.3 Development of an appropriate protein immobilization technique ..................... 30 
2.1.3.1 Chemical derivatization of the solid surface ............................................... 31 
2.1.3.2 Prevention of non-specific protein adsorption to the solid surface ............. 32 
2.1.4 Problems with quantification of protein immobilization .................................... 33 
2.1.5 Quartz crystal microbalance for characterization ............................................... 34 
2.1.6. Approach ............................................................................................................ 35 
2.2 Experimental ............................................................................................................... 40 
2.2.1 Materials .............................................................................................................. 40 
2.2.2 Procedures ........................................................................................................... 41 
2.3 Results and discussion ................................................................................................ 50 
2.4 Conclusion .................................................................................................................. 65 
Chapter 3. Three-Regime Kinetics of Formation of Polymer Brush by Means of the 
Grafting-to Approach ..................................................................................................... 66 
3.1 Introduction ................................................................................................................. 66 
3.1.1 Introduction to polymer brushes ......................................................................... 66 
3.1.2 Applications of polymer brushes ........................................................................ 68 
3.1.3 Approaches to polymer brush synthesis .............................................................. 68 
3.1.4 Process of polymer brush formation ................................................................... 70 
3.1.4.1Previous theory ............................................................................................. 70 
3.1.4.2 Previous experimental observations ............................................................ 71 
3.1.5 Explanation of three-regime kinetics .................................................................. 74 
3.1.6 The benefits of the three-regime kinetics ............................................................ 75 
 
vii 
3.1.7 Hypothesis ........................................................................................................... 75 
3.1.8 Approach ............................................................................................................. 76 
3.2 Experimental ............................................................................................................... 77 
3.2.1 Materials .............................................................................................................. 77 
3.2.2 Instrumentation ................................................................................................... 77 
3.2.3 Procedures ........................................................................................................... 78 
3.3 Results and discussion ................................................................................................ 79 
3.4 Conclusion .................................................................................................................. 88 
Chapter 4. Bisphenol A Sensor System Based on Molecularly Imprinted Polymer, 
Nanoparticles, and the Quartz Crystal Microbalance................................................. 89 
4.1 Introduction ................................................................................................................. 89 
4.1.1 Introduction of BPA ............................................................................................ 89 
4.1.2 Exposure problem of BPA .................................................................................. 90 
4.1.3 Health issue by BPA ........................................................................................... 90 
4.1.4 Traditional Methods of detecting of BPA ........................................................... 91 
4.1.5 Introduction to molecularly imprinted polymers (MIPs) .................................... 91 
4.1.5.1 Three approaches to synthesize MIPs ......................................................... 94 
4.1.5.2 Two synthesis methods for MIPs ................................................................ 95 
4.1.6 Approach ............................................................................................................. 98 
4.2 Experimental ............................................................................................................. 102 
4.2.1 Materials ............................................................................................................ 102 
4.2.2 Instrumentations ................................................................................................ 102 
4.2.3 Procedures ......................................................................................................... 103 
4.3 Results and Discussions ............................................................................................ 108 
 
viii 
4.4 Conclusion ................................................................................................................ 124 
Chapter 5. Synthetic, Chondroitin Sulfate-based Hydrogel Found with Similar 
Properties to Nucleus Pulposus.................................................................................... 126 
5.1 Introduction ............................................................................................................... 126 
5.1.1 Lower back pain ................................................................................................ 126 
5.1.2 Intervertebral disc.............................................................................................. 127 
5.1.2.1 Structure and function of the intervertebral disc ....................................... 127 
5.1.2.2 Structure and function of the annulus fibrosus .......................................... 128 
5.1.2.3 Structure and function of the nucleus pulposus ........................................ 129 
5.1.3 Mechanical properties of the nucleus pulposus ................................................ 130 
5.1.4 Replacement of nucleus pulposus with hydrogel .............................................. 131 
5.1.5 Chondroitin sulfate ............................................................................................ 133 
5.1.6 Approach ........................................................................................................... 135 
5.2 Experimental ............................................................................................................. 136 
5.2.1 Materials ............................................................................................................ 136 
5.2.2 Instrumentations ................................................................................................ 136 
5.2.3 Procedures ......................................................................................................... 138 
5.3 Results and discussion .............................................................................................. 141 
5.4 Conclusion ................................................................................................................ 152 
Chapter 6. Future Work............................................................................................... 153 
List of References .......................................................................................................... 156 
Appendices ..................................................................................................................... 184 
Vita ................................................................................................................................. 195 
 
 
ix 
List of Tables 
Table 2.1. List of reagents used. ....................................................................................... 40 
Table 2.2. Computed residual frequencies, measured residual frequencies, and measured 
residual dissipations for layer added to the surface of the sensor disc in each reaction step 
(* indicates dry measurements). ....................................................................................... 55 
Table 3.1. Solution concentration, residual frequency, and final surface attachment 
density of polystyrene brushes (Mn = 5300 g/mol) ........................................................... 86 
Table 3.2. Solution concentration, residual frequency, and final surface attachment 
density of polystyrene brushes (Mn=50,000 g/mol) .......................................................... 87 
Table 4.1. Diameters of three different kinds of nanoparticles....................................... 111 
Table 4.2. Average residual frequencies, molecular weights, and corresponding 
normalized values for selectivity tests on three replicate MIP-disc each exposed to the 
three test compounds....................................................................................................... 119 
Table 5.1. Chemical constitutions of CS-GMA adducts and water content of crosslinked 
adducts as a function of molar ratio of CS to GMA. ...................................................... 143 
A.1. Different derivatized silica surfaces showing different contact angles, (multiple 
sessile drops averaged over three cover slips ± 1 standard deviation) ........................... 184 
A.2. Contact angles,  , for sequential reactions on silica surface (multiple sessile drops 
averaged over three cover slips ± 1 standard deviation) ................................................. 185 
A.3. Contact angles, , for different derivatization of QCM sensor crystals (multiple 
sessile drops averaged over five sensor crystals ± 1 standard deviation) ....................... 186 
A.4. Contact angle  study for different derivatized silica surfaces (multiple sessile drops 
averaged over five sensor crystals ± 1 standard deviation) ............................................ 187 
A.5. Contact angle  study for different derivatized silica surfaces (multiple sessile drops 
averaged over five sensor crystals ± 1 standard deviation) ............................................ 188 
 
 
 
 
x 
List of Figures 
Figure 1.1. Basic set-up of quartz crystal microbalance with dissipation monitoring. It 
contains an electronic unit, a chamber that holds the flow cells, and a computer screen.   
Taken from QCM manual (Biolin Scientific, Linthicum, MD). ......................................... 2 
Figure 1.2. Diagram of quartz crystal shows top side with electrode deposited on 
perimeter.  Image adapted from QCM manual (Biolin Scientific, Linthicum MD). .......... 3 
Figure 1.3. QCM yields a change in resonant in frequency when a mass is added to the 
sensor surface. ..................................................................................................................... 4 
Figure 1.4. Circulation system of QCM-D system for real-time monitoring of reactions on 
the surface of the sensor disc inside the flow cell. .............................................................. 7 
Figure 1.5. QCM results of residual frequency on the surface: a) residual frequency of 
zero indicates that no mass was added permanently to the surface; b) shows a nonzero 
residual frequency, indicating the permanent addition of mass to the surface. .................. 9 
Figure 1.6. QCM results of two different of layers on the surface: a) elastic layer, where 
the reintroduction of the original pure solvent at ~2.7 h results in superimposed 
frequencies, and b) viscoelastic layer, where the reintroduction of the original pure 
solvent at ~ 5 h shows lack of superposition of the frequencies. ...................................... 10 
Figure 1.7. Dynamic mechanical analysis (DMA) equipment. Image taken from TA 
instruments manual (New Castle, DE).............................................................................. 14 
Figure 1.8. Six deformation modes of DMA equipment. Image taken from TA 
instruments manual (New Castle, DE).............................................................................. 15 
Figure 1.9. Illustration of relationships among sinusoidal stress, sinusoidal strain, and 
phase angle for: a) an ideal solid (completely elastic), b) an ideal liquid (completely 
viscous), and c) a viscoelastic material.  Shown in d) is a vector diagram of storage 
modulus, loss modulus, and phase angle, with equations given for complex modulus and 
phase angle. Adapted from ref 22 ..................................................................................... 17 
Figure 1.10. a) Storage modulus (E’, solid symbols) and loss modulus (E’’, dot symbols) 
as a function of test frequency for a viscoelastic material. b) Phase angle as a function of 
test frequency for the same viscoelastic material. ............................................................ 19 
Figure 1.11. Glass transition temperature (Tg) is shown by the dotted line for a 
viscoelastic material. G’ is storage modulus, G’’is loss modulus. Adapted from ref. 22. 20 
Figure 2.1. Reaction scheme for native chemical ligation. ............................................... 25 
Figure 2.2. Reaction scheme for Staudinger ligation ........................................................ 26 
Figure 2.3. Reaction scheme for example of click chemistry ........................................... 27 
 
xi 
Figure 2.4. Schematic diagram of idealistic reaction between silica surface and amino-
functional silane, showing the formation of covalent bonds. ........................................... 31 
Figure 2.5. Structure of ubiquitin.74 (Courtesy of Dr. Jonathan B. Soffer) ...................... 35 
Figure 2.6. Multi-step immobilization of protein (ubiquitin) on the silica surface of sensor 
discs used in quartz crystal microbalance:  (1) derivatization of silica surface with 
acryloxy functional groups, (2) grafting of α-thioalkyl-ω-amino PEG chains to 
derivatized surface by means of reaction between acryloxy groups on surface and thiol 
groups on chain ends, (3) coupling of protected cysteines to the free terminal amines of 
the PEG chains, (4) removal of Fmoc protecting groups,  (5) removal of Trt protecting 
groups, and (6) covalent bonding of ubiquitin to cysteine residues by means of  native 
chemical ligation. .............................................................................................................. 39 
Figure 2.7. QCM responses for exposure of sensor surface to protected cysteine and 
accompanying reagents to the surface of the sensor discs.  Sequence of liquids through 
flow cell: first, pure DMF; next, solution of Fmoc-cysteine, HBTU and DIPEA in DMF; 
and last, pure DMF again.   The return of the responses to the zero baseline when the pure 
DMF is injected into the flow cell again indicates that none of the solutes exhibited 
permanent adsorption to the sensor discs.......................................................................... 51 
Figure 2.8. QCM responses for exposure of sensor surface to reagents used in 
deprotection step.  Sequence of liquids through flow cell: first, pure DMF; next, solution 
of piperidine in DMF; and last, pure DMF again.  The return of the responses to the zero 
baseline when the pure DMF is injected into the flow cell again indicates that piperidine 
did not exhibit persistent adsorption to the sensor discs. .................................................. 52 
Figure 2.9. QCM responses for exposure of sensor discs to reagents used in deprotection 
step.  Sequence of liquids through flow cell: first, pure CH2Cl2; next, solution of TFA and 
triisopropylsilane in CH2Cl2; and last, pure CH2Cl2 again.  The return of the responses to 
the zero baseline when the pure CH2Cl2 is injected into the flow cell again indicates that 
neither TFA nor triisopropylsilane exhibited persistent adsorption to the sensor discs. .. 52 
Figure 2.10. QCM responses for exposure of sensor surface to reagents used in native 
chemical ligation step.  Sequence of liquids through flow cell: first, HEPES buffer; next, 
solution of MPAA and TCEP in HEPES buffer; and last, HEPES buffer.  The return of 
the response to the zero baseline upon injection of HEPES buffer into the flow cell again 
indicates that neither MPAA nor TCEP exhibited persistent adsorption to the sensor 
discs................................................................................................................................... 53 
Figure 2.11. QCM responses for exposure of gold sensor surface to HS-PEG-NH2 
solution.  Sequence of liquids through flow cell: first, pure toluene; next, toluene solution 
of α-thioalkyl-ω-amino PEG chains; and last, pure toluene. Residual (nonzero) value of 
n
fn∆  upon rinsing with pure DMF indicates that there is a permanent attachment of PEG 
chains to the gold surface. ................................................................................................. 58 
 
xii 
Figure 2.12. QCM responses for exposure of gold sensor surface to protected cysteine 
and accompanying reagents.  Sequence of liquids through flow cell: first, pure DMF; 
next, solution of Fmoc-cysteine, HBTU and DIPEA in DMF; and last, pure DMF again. 
Residual (nonzero) value of n
fn∆  indicates that protected cysteine coupled permanently 
to the free ends of the PEG chains. ................................................................................... 59 
Figure 2.13. QCM responses ( n
fn∆  and D∆ ) for ubiquitin in solution exposed to PEG- 
grafted, derivatized silica surface (control experiment).  Sequence of liquids through flow 
cell: first, pure HEPES buffer; next, a solution of ubiquitin in HEPES buffer; and last, 
pure HEPES buffer again.  Residual (nonzero) value of n
fn∆  upon rinsing with pure 
HEPES buffer indicates that there is physical adsorption of ubiquitin on PEG grafted 
derivatized silica surface. .................................................................................................. 61 
Figure 2.14. QCM responses ( n
fn∆  and D∆ ) for ubiquitin in solution exposed to PEG- 
grafted gold surface (control experiment)Sequence of liquids through flow cell: first, pure 
HEPES buffer; next, a solution of ubiquitin in HEPES buffer; and last, pure HEPES 
buffer again.  Residual (nonzero) value of n
fn∆  upon rinsing with pure HEPES buffer 
indicates that there is physical adsorption of ubiquitin on PEG grafted gold surface. ..... 62 
Figure 2.15. QCM responses ( n
fn∆  and D∆ ) showing native chemical ligation step on 
derivatized silica surface.  Sequence of liquids through flow cell: first, pure HEPES 
buffer; next, a solution of ubiquitin in HEPES buffer; and last, pure HEPES buffer again.  
Residual (nonzero) value of n
fn∆  upon rinsing with pure HEPES buffer indicates that 
there is there is a permanent attachment of ubiquitin to the cysteine layer. ..................... 63 
Figure 2.16. QCM responses ( n
fn∆  and D∆ ) showing native chemical ligation step on 
gold surface.  Sequence of liquids through flow cell: first, pure HEPES buffer; next, a 
solution of ubiquitin in HEPES buffer; and last, pure HEPES buffer again.  Residual 
(nonzero) value of n
fn∆  upon rinsing with pure HEPES buffer indicates that there is 
there is a permanent attachment of ubiquitin to the cysteine layer. .................................. 64 
Figure 3.1. Types of linear polymer brushes: a) homopolymer brushes, b) mixed 
homopolymer brushes, c) random copolymer brushes, d) block copolymer brushes ....... 67 
Figure 3.2. Plot of surface attachment density versus time for the grafting of amine-ended 
monodisperse polymers epoxide-derivatized silica versus log time, top graph displayed 
NH2-PEOMn= 10,000 g/mol, middle graph displayed 4 arm NH2-PEOMn=10,000 g/mol, 
bottom graph displayed NH2-PS Mn= 15,000 g/mol.  Grafting was conducted in toluene 
at 25oC.  Filled squares and open circles represent data taken from simultaneous, twin 
 
xiii 
reactions.  X-axis shows 0-60 min in linear time before the axis break and log time 
thereafter. [Plot adapted with permission from Ref 96] ................................................... 73 
Figure 3.4. Plot of n
fn∆ (n = 3, 5, 7) vs. time for exposure of the surface of gold sensor 
disc to a 1mM solution of thiol-ended polystyrene (HS-PS, Mn = 50000 g/mol) in toluene 
at room temperature. It established baseline in toluene, and then exposure to 1mM 
polymer solution until it levels off, and then rinse with toluene again. There is no 
indication of three-regime kinetics. .................................................................................. 80 
Figure 3.5. Plot of n
fn∆ (n = 3, 5, 7) vs. log scale time for exposure of the surface of gold 
sensor disc to a 0.01mMsolution of thiol-ended polystyrene (HS-PS, Mn = 5300 g/mol) in 
toluene at 10 oC. Baseline was established in toluene, and then the surface of gold sensor 
disc was exposed to 0.01 mM polymer solution for nearly 20 h, and was rinsed with 
toluene again. Different regimes of kinetics are clearly visible. The first regime is 
mushroom layer formation, and the second regime is a latent period of no grafting, and 
the third regime is resumption and acceleration of grafting until a brush is formed. The 
small changes in n
fn∆  at 20 h reflect the change from polymer solution to pure toluene.
........................................................................................................................................... 81 
Figure 3.6. Plot of n
fn∆ (n = 3, 5, 7) vs. log scale time for exposure of the surface of 
gold sensor disc to a 0.005mM solution of thiol-ended polystyrene (HS-PS, Mn = 5300 
g/mol) in toluene at 10 oC.  Baseline was established in toluene, and then the surface of 
the gold sensor disc was exposed to 0.005mM polystyrene solution nearly 20 h, and was 
rinsed with toluene again. Different regimes of kinetics are clearly visible. The first 
regime is mushroom layer formation, and the second regime is a latent period of no 
grafting, and the third regime is resumption and acceleration of grafting until a brush is 
formed. .............................................................................................................................. 82 
Figure 3.7. Plot of n
fn∆ (n = 3, 5, 7) vs. log scale time for exposure of the surface of 
gold sensor disc to a 0.0005mMsolution of thiol-ended polystyrene (HS-PS, Mn= 50000 
g/mol) in toluene at 10 oC. Baseline was established in toluene, and then the surface of 
the gold sensor disc was exposed to 0.0005 mM polystyrene solution nearly 20 h, and 
was rinsed with toluene again. Different regimes of kinetics are clearly visible. The first 
regime is mushroom layer formation, and the second regime is a latent period of no 
grafting, and the third regime is resumption and acceleration of grafting until a brush is 
formed. .............................................................................................................................. 83 
Figure 3.8. Experimental data from bottom graph of Figure 3.2 fitted to classical model 
of autocatalysis.................................................................................................................. 85 
Figure 4.1. Chemical structure of Bisphenol A ................................................................ 89 
Figure 4.2.Schematic diagram of the formation of MIPs. Taken from 109........................ 92 
 
xiv 
Figure 4.3. Formation of MIP. BPA serves as template molecule, which is held together 
by hydrogen bonding with amine groups in APMS to form a complex. Then more TEOS 
is added to form the crosslinked network (MIP) around the BPA-complex. .................. 100 
Figure 4.4. Schematic diagram of formation of MIP-coated nanopoarticles mounted on 
sensor disc. The surface of the sensor disc was derivatized with TEOS, which served as 
adhesive for the MIP-coated nanopoarticles. .................................................................. 101 
Figure 4.5. Schematic diagram of extraction and trapping BPA from the MIP-coated 
nanoparticles mounted on sensor disc.   BPA was extracted from the sensor disc with 
flowing 1.0 M HCl.  The sensor disc with MIP-coated nanoparticles could then be used to 
bind more BPA from aqueous medium. ......................................................................... 101 
Figure 4.6. SEM images showing three different nanoparticles at the same magnification: 
(a) bare silica nanoparticles, (b) MIP-coated silica nanoparticles containing BPA template 
(c) MIP-coated silica nanoparticles after extraction of BPA. ......................................... 109 
Figure 4.7. TEM images showing three different nanoparticles at the same magnification: 
(a) bare silica nanoparticles, (b) MIP-coated silica nanoparticles containing BPA 
template, (c) MIP-coated silica nanoparticles after extraction of BPA. ......................... 110 
Figure 4.8. UV spectrum for BPA aqueous solution at different concentration. ............ 112 
Figure 4.9. UV absorbance calibration curve of BPA aqueous solutions at different 
concentrations.  Note that the y-axis has been displaced to the left of zero concentration 
to ease crowding. ............................................................................................................ 112 
Figure 4.10. FT-IR spectra of a) bare nanoparticles, b) nanoparticles coated with 
crosslinked alkoxysilane c) MIP-coated nanoparticles containing BPA template, and d) 
MIP coated nanoparticles with BPA template removed. ................................................ 114 
Figure 4.11. Frequency versus time traces for n = 5 of sensor discs in flow cells: (a) bare 
sensor disc as first control, (b) sensor disc bearing bare nanoparticles (no MIP coating) as 
second control, c) sensor disc bearing nanoparticles coated with crosslinked alkoxysilane 
(no BPA), and (d) MIP-coated nanoparticles mounted on the sensor disc as experimental 
specimen. ........................................................................................................................ 116 
Figure  4.12. Structures of BPA and two test compounds for selectivity analysis. ........ 117 
Figure 4.13. The frequency versus time traces for n = 5 in a flow cell, for a) exposure of 
MIP sensor disc to BPA solution, b) exposure of MIP sensor disc to BP solution, and c) 
exposure of MIP sensor disc to t-BuP solution. All solutes were 2 mM in a solvent of 
80% by volume of ethanol in water. ............................................................................... 118 
Figure 4.14. QCM data show three successive cycles of a MIP sensor disc. Each cycle 
starts with the empty MIP in pure water, continues with exposure to BPA solution, 
followed by release of BPA with HCl, and ends with re-introduction of pure water to 
establish the residual frequency. ..................................................................................... 120 
 
xv 
Figure 4.15. QCM data show three successive cycles of a MIP sensor disc. Each cycle 
starts with the empty MIP in pure water, continues with exposure to BPA solution, 
followed by release of BPA with HCl, and ends with re-introduction of pure water to 
establish the residual frequency.  This MIP-disc had been used numerous times and 
stored for one month unused. .......................................................................................... 120 
Figure 4.16. QCM residual frequency vs BPA aqueous solution at different 
concentrations.  Error bars are ±1 Std. Dev. ................................................................... 122 
Figure 5.1. Schematic of the intervertebral disc (IVD). The nucleus pulposus is located in 
the center of IVD, is restrained on top and bottom by vertebral end plates, and is 
restrained laterally by the annulus fibrosus. This figure is taken from Ref. 144. ........... 128 
Figure 5.2. Schematic of DMA compression mode. ....................................................... 137 
Figure 5.3. Schematic of the formation ofthe adduct between chondroitin sulfate (CS) and 
glycidyl methacrylate (GMA). ........................................................................................ 141 
Figure 5.4. 1H-NMR spectra of CS (top) and of CS-GMA adduct (bottom). The doublet 
around 6.0 ppm in the lower spectrum is attributed to the two identical vinyl protons of 
GMA (at 5.75 ppm and 6.20 ppm).  The appearance of the new peak at 1.95 ppm in the 
lower spectrum is attributed to the methyl group of GMA. ............................................ 142 
Figure 5.5. Depiction of formation of the hydrogel from CS-GMA adduct upon addition 
of water soluble initiator. ................................................................................................ 143 
Figure 5.6. Water absorption (mass of water absorbed divided by mass of dry gel) versus 
time for a series of hydrogels having different molar ratios of CS to GMA in their 
formulations. Data were taken at room temperature. ...................................................... 145 
Figure 5.7. Normalized water loss (mass of wet hydrogel at time of observation divided 
by mass of gel at maximum water content) versus time for a series of hydrogels of 
different molar ratios of CS to GMA in the formulation.  Data were taken at room 
temperature. .................................................................................................................... 146 
Figure 5.8. Normalized mass of hydrogel as a function of time over 60 min at room 
temperature.  The data are for a hydrogel having molar ratio 1:150, and thus intermediate 
crosslink density.............................................................................................................. 147 
Figure 5.9. Storage modulus (E’, solid symbols) and loss modulus (E’’, dot symbols) as a 
function of test frequency for a series of hydrogels having different molar ratios of CS to 
GMA. Data were obtained at room temperature. ............................................................ 148 
Figure 5.10. Values for δ as a function of frequency for a series of hydrogels having 
different molar ratios of CS to GMA.  Data were obtained at room temperature. ......... 149 
Figure 5.11. Complex modulus as a function of frequency for a series of hydrogels 
having different molar ratio of CS to GMA. Data were calculated from experimental 
 
xvi 
storage and loss moduli.   The yellow shading encloses the diverse values reported in the 
literature for E* of human nucleus pulposus. .................................................................. 151 
A.7. Advancing contact angles made by water on n-propyltrimethoxysilane-derivatized 
cover slips as a function of time under different exposure conditions ........................... 190 
UV spectrum for 1 M HCl (red) and 1 M HCl containing BPA extracted from MIP-
coated nanoparticles (black) ........................................................................................... 191 
Scanning electron microscopy image of lyophilized CS-GMA based hydrogel having 
molar ratio 1:200::CS:GMA. .......................................................................................... 192 
 
 
xvii 
Abstract 
Synthesis and characterization of useful polymer-based surface layers and bulk materials  
Xue Sha 
Lynn S. Penn, Ph.D. 
 
 This dissertation describes four projects: 1) development of a procedure for 
quantifying multi-step reactions for the immobilization of protein on gold and silica 
surfaces; 2) demonstration that observation of three-regime kinetics of formation of 
polymer brushes by means of the grafting-to approach is dependent on grafting 
conditions; 3) development of a sensor that can be used for quantitative detection of 
Bisphenol A (BPA) in aqueous media; 4) development of a chondroitin sulfate-based 
synthetic hydrogel to mimic the mechanical properties of the nucleus pulposus (in human 
intervertebral discs).  The first three above were projects in surface modification, and for 
these, the quartz crystal microbalance played a key role.  The fourth project was synthesis 
of bulk polymers and for this, dynamic mechanical analysis played a key role.   
 
 The existence of quantitative analysis methods for the immobilization of proteins 
is relevant, because proteins are used increasingly in immobilized form for research on 
their interactions with various ligands.  The understanding of three-regime kinetics is 
important, because of its role in surface tailoring and the potential it offers for creating 
multifunctional surfaces.  A sensor that measures the amount of BPA in aqueous media is 
relevant, because surface waters are still polluted with this endocrine-disrupting 
chemical.   Finally, a hydrogel with properties that duplicate those of the human nucleus 
pulposus is important, because the health care establishment is currently considering 
implants that replace the nucleus pulposus. 
 
xviii 
 
 Chapter 1. Instrumental Methods 
 
 This chapter describes the two techniques of prime importance to my research:  
the quartz crystal microbalance with dissipation monitoring (QCM-D) and dynamic 
mechanical analysis (DMA).These two techniques were not the only techniques used, 
but, unlike techniques such as nuclear magnetic resonance, infrared spectroscopy, and 
ultraviolet/visible spectroscopy, they are not as familiar to most chemists.  QCM-D was 
employed to study the multi-step immobilization of a protein, three-regime kinetics of 
formation of polymer brushes, and the detection of bisphenol A (BPA) in aqueous 
solution.  DMA was used to evaluate the mechanical properties of a chondroitin sulfate-
based hydrogel with tunable properties.  This chapter will briefly describe the quartz 
crystal microbalance technique and dynamic mechanical analysis, descriptions that will 
facilitate the readability of this thesis. 
 
1.1 Introduction of the quartz crystal microbalance with dissipation monitoring 
 
 The quartz crystal microbalance is a mass sensing technique that has ultra-high 
(nanogram) sensitivity.  The QCM-D technique has the capability to detect a wide range 
of masses.  It is capable not only of detecting monolayer surface coverage by small 
molecules or polymer films but also of detecting layers of much larger masses, such as 
proteins or cells bound to the surface.  Additionally, the QCM-D can provide information 
about energy dissipation properties of the mass bound to the surface.  Therefore, this 
technique has played a key role in the analysis of surfaces bearing cells, proteins, poly-
mers, nanoparticles and surfactants.  Figure 1.1 shows the basic set-up of the QCM-D.  
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Figure 1.1. Basic set-up of quartz crystal microbalance with dissipation monitoring. It 
contains an electronic unit, a chamber that holds the flow cells, and a computer screen.   
Taken from QCM manual (Biolin Scientific, Linthicum, MD). 
 
 
1.1.1 The principles of operation of the QCM 
 
 The QCM is an acoustic sensor based on a piezoelectric crystal in the form of a 
thin disc.  The sensor disc is set into free vibration, and mass added to, or subtracted 
from; the surface of this sensor disc causes a shift in the natural frequency of vibration.   
The basis of QCM operation is the piezoelectricity inherent to the quartz crystal disc.  
Quartz crystals cut at a particular angle, called AT-cut, have piezoelectric properties.  
This means that passage of a current through the crystal produces a shear deformation, or 
that a shear deformation applied to the crystal produces a current.  The AT-cut crystal 
disc provides stable oscillation with almost no fluctuation in frequency over a broad 
temperature range.1-2   Discs of AT-cut crystals oscillate purely in a shear mode, and this 
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 in-plane oscillation generates an acoustic wave that propagates in a direction 
perpendicular to the surface of the disc.3-4   It is this perpendicular wave that can probe 
any material coupled to the surface of the disc.  Thus, the QCM with all of its component 
parts comprises a sensor system in which the quartz crystal disc is both the sensing 
element and the transducer. 
 
 The quartz crystal disc has metal electrodes deposited on each side.   On one side 
the electrode is around the perimeter of the crystal (see Figure 1.2) leaving most of the 
surface exposed for experimental work.  An external driving circuit applies a pulse of 
current that sets the crystal into free vibration in the shear mode.   Resonant frequencies 
of typical QCM crystals are on the order of MHz.1,3   The resonant frequency of the 
fundamental mode in the QCM used in the present work was 5 MHz.  Addition of mass 
to the exposed surface lowers the vibrational frequency, as depicted in Figure 1.3.   
 
 
Figure 1.2. Diagram of quartz crystal shows top side with electrode deposited on 
perimeter.  Image adapted from QCM manual (Biolin Scientific, Linthicum MD). 
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Figure 1.3. QCM yields a change in resonant in frequency when a mass is added to the 
sensor surface. 
 
 
 In 1880, Curie et al. first discovered the piezoelectric effect in quartz crystals.  
Later, a change in inertia of a vibrating crystal was shown by Rayleigh to alter its 
resonant frequency.1,3   AT-cut crystals were developed subsequently.  In 1959, 
Sauerbrey reported a linear relationship between frequency change (∆f) and mass change 
(∆m), and he was the first to use the QCM as a mass sensing technique.5  The Sauerbrey 
equation is:  
n
ΔfCm n−=∆      [1.1] 
where n is the vibrational mode number, which has to be an odd number (i.e., 1, 3, 5, 7, 9, 
11…)  because of the boundary conditions on the circular geometry; is the change 
in frequency of the  nth vibrational mode; and C is an instrument constant.  The value of  
C is set by: 
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      [1.2] 
where qt  is the thickness of the quartz (3.3 × 10
-4 m), and qρ  is the density of quartz 
(2648 kg× m-3), and f0 is the fundamental resonant frequency.    For the QCM used in the 
present work, C is equal to -17.7 ng×cm-2×Hz-1 for a 5-MHz crystal.2-3,6 
 
 There are three conditions that need to be fulfilled if the mass is to be determined 
accurately with the Sauerbrey equation.  First, the adsorbed mass must be small relative 
to the mass of quartz crystal.  For masses greater than about 2% of the crystal mass the 
Sauerbrey equation becomes inaccurate.  Second, the mass adsorbed must be distributed 
evenly over the exposed surface of the crystal.  Third, the layer of adsorbed mass 
attached to the surface must be rigid and compact so that it behaves elastically (not 
viscously).1   Under these conditions, the Sauerbrey equation can be applied to precisely 
quantify the mass added to the surface.  
 
 In the early days,  the QCM crystal was situated in a vacuum or in a gas and was 
used to monitor oxidation rates of metal surfaces or to monitor gas adsorption.2   Then, in 
the 1980s, the QCM crystal was situated in a liquid for applications in electrochemistry 
and biotechnology.7-9   A flow cell was developed for this.  However, there is a 
complication when the crystal is surrounded by liquid.  If the deposited layer contains 
solvent, this trapped solvent may be detected by the sensor crystal as additional mass, 
which leads to larger lowering of the resonant frequency than from the deposited mass 
alone. In addition, trapped liquid causes the deposited layer to have viscous character, 
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 which leads to dissipation of vibrational energy.   If the dissipation is significant, the 
relationship between frequency and mass is no longer linear, and the Sauerbrey equation 
(eq. 1.1) gives an overestimate of the mass deposited on the surface.  The dissipation is 
described by the following equation:10-11 
      [1.3] 
where  is the energy dissipated during one cycle and  is the energy 
stored per cycle.  The energy dissipation, ∆D, for a deposited layer is unitless and of 
order of magnitude 10-6.12 
Recent versions of the QCM, such as the one used in the present work, can monitor this 
dissipation as well as  .  This version of the QCM is designated QCM-D, for QCM 
with dissipation monitoring. 
 
 The criterion used by practitioners of the QCM-D for whether the Sauerbrey 
equation can be used with validity is that ∆D must be equal or less than 2 × 10-6.   In this 
case, the dissipation is deemed a small enough portion of the total energy input for the 
deposited layer to be regarded elastic and rigid and for the Sauerbrey equation to give an 
accurate value for mass deposited.  When ∆D is greater than 2 × 10-6, the Sauerbrey 
equation will give an overestimate of the actual mass added to the surface of the sensor 
disc.  However, far from being useless for layers with significant viscous character,  
and ∆D can be fitted into mathematical models of viscoelastic behavior (Voigt and 
Maxwell models) that yield information on the physical, rheological, and mechanical 
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 properties of the deposited layer.9,12   Therefore, QCM-D can be applied to thicker 
polymeric films and living cells.6-7,13 
 
1.1.2 The operation of the QCM-D 
 
 QCM-D measurements can be performed in air or in a flow cell depending on the 
conditions.  Reactions are most commonly monitored continuously in real-time inside a 
flow cell (Figure 1.4).  The solution that contains reactants is pulled by peristaltic pump 
from the reservoir to the flow cell, passes over the sensor disc inside the flow cell and 
then goes back to reservoir again or to a waste container.   As reactants from the passing 
solution are coupled to the surface of the sensor disc, either by deposition or by chemical 
reaction, the instrument records the changes in both resonant frequency and energy 
dissipation of the vibrating sensor disc in several vibrational modes.  The instrument 
continuously reports the values of (in Hz) and ∆D (unitless).   
 
 
 
 
Figure 1.4. Circulation system of QCM-D system for real-time monitoring of reactions on 
the surface of the sensor disc inside the flow cell. 
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  Dry measurement is advantageous in two situations: 1) when the reaction on the 
surface of the sensor disc has to be done in a reaction vessel at a temperature well above 
the temperature limits of the QCM, and 2) when the coupled layer is highly solvated and 
has too high a dissipation for valid use of the Sauerbrey equation.  For dry measurements, 
the solvent is evaporated from the disc, whereupon the deposited layer collapses into a 
solventless, ultrathin layer, which by definition is purely elastic (no viscous character and 
thus no dissipation).  Then, the Sauerbrey equation can be applied to yield an accurate 
value for mass per unit area of disc surface.  For subsequent chemical reactions or 
exposures, the dried sensor disc can be returned to the flow cell.  
 
1.1.3 Analysis of QCM data 
 
 To assess the occurrence of deposition on, or reaction to, the surface of the sensor 
disc, we need to compare the frequency, , before and after the reaction step.  
Figure 1.5 depicts the frequencies before, during, and after deposition or reaction.  In the 
figure, a baseline is established in a pure solvent, and then the solution of reactants or 
reagents in the same solvent is introduced to the flow cell.  At that time, the frequency 
decreases fast and dramatically, and then levels off when reaction or deposition is 
completed.  The pure solvent is then reintroduced to the flow cell to rinse off the non-
chemically bonded reagents.  The frequency reading after reintroduction of pure solvent 
is termed the “residual frequency”; this frequency is the difference between the final 
frequency and the initial frequency, which was set to zero.  After the solution of reagents 
or reactants has been passed through the flow cell, it is essential to return to the original 
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 flowing liquid in which the zero baseline was established.  This is because the instrument 
is so sensitive that any small change in the liquid contacting the surface of the senor disc 
causes a frequency shift, even in the absence of any deposition of mass.    Thus, a shift 
from one pure liquid to a similar pure liquid or from a pure liquid to a highly dilute 
solution in the same liquid, gives a shift in frequency.   Thus, any search for mass added 
to the sensor disc must involve comparison of the frequency in the presence of the same 
flowing liquid before and after exposure to the deposition or reaction liquid.  Figure 1.5 a) 
shows that the frequency before and after exposure to a solution of reagents is the same, 
i.e., the residual frequency is zero, indicating that nothing was permanently attached to 
the surface.  Figure 1.5 b) shows that the residual frequency after exposure to a solution 
of reactants is nonzero, indicating attachment of mass to the surface.   
 
Figure 1.5. QCM results of residual frequency on the surface: a) residual frequency of 
zero indicates that no mass was added permanently to the surface; b) shows a nonzero 
residual frequency, indicating the permanent addition of mass to the surface. 
 
 
 Elastic layers can be easily distinguished from viscoelastic layers by two key 
features of the QCM response.  The results of two different deposited layers, i.e., a small 
molecule and a protein, are shown in Figure 1.6.  If, after the pure solvent in which the 
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 baseline was established is reintroduced, the residual frequencies for multiple vibrational 
modes appear super-imposed, and also if the dissipation is less than 2 x 10-6,  then the 
deposited layer is characterized as thin and elastic(Figure 1.6a) and the Sauerbrey 
equation can be used to yield mass deposited.  (It is interesting to note that when the 
residual frequencies of different vibrational modes do appear superimposed, the ∆D –
values are always less than 2 x 10-6.)   However, if the residual frequencies for multiple 
vibrational modes are not superimposed, i.e. different vibrational modes have different 
residual frequencies, and if the dissipation is greater than 2 x 10-6, then the deposited 
layer is characterized as viscoelastic (Figure 1.6b), and the Sauerbrey equation will 
exaggerate the mass deposited in proportion to the value of the dissipation. 
 
 
Figure 1.6. QCM results of two different of layers on the surface: a) elastic layer, where 
the reintroduction of the original pure solvent at ~2.7 h results in superimposed 
frequencies, and b) viscoelastic layer, where the reintroduction of the original pure 
solvent at ~ 5 h shows lack of superposition of the frequencies. 
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 1.1.4 QCM-D sensor discs 
 
 The sensor disc of the QCM-D is the most important part of the instrument.  The 
surface of the quartz that composes the sensor disc can be permanently coated with a 
variety of materials, such as polystyrene, polycarbonate, silica dioxide, silicon nitride, 
aluminum oxide and gold.  The diversity of surfaces provides a pool of choices for the 
study of surface-deposited layers.  With such diverse starting surfaces available, almost 
any surface layer can be prepared and studied with the QCM-D. 
 
 Cleanliness is quite important for the surfaces of QCM-D sensor discs, especially 
for reused ones.  Surface contamination can change the interaction between sample 
molecules and surfaces, which can lead to misleading information about the surface 
density, mass, thickness and viscoelastic behavior of the deposited layer.  For cleaning 
most surfaces, the combination of UV/ozone and piranha solution (70% H2SO4: 30% 
H2O2) is widely used. 
 
1.1.5 Advantages of the quartz crystal microbalance 
 
 The QCM-D is a highly sensitive and label-free technique.  Surface deposition 
and/or chemical reaction can be monitored in situ and in real-time, and kinetics can be 
evaluated.  The QCM-D is also able to measure mass and/or viscoelastic properties of 
deposited layers, allowing quantification of surface reactions and interactions with 
organic compounds, polymers, proteins and cells.14  Additionally, since the QCM-D 
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 equipment usually contains four flow cells that can be operated separately, either four 
different reactions or four replicate reactions simultaneously can be run to provide side-
by-side comparison. 
 
1.1.6 Applications of the QCM-D 
 
 The QCM-D technique has been developed for the study of affinity binding 
events in proteins, cell adhesion, and surface adsorption.15-16  Storri et al. used QCM-D to 
develop a biosensor for DNA detection.  They immobilized biotinylated, single strand 
oligonucleotide to an avidin-coated QCM-D surface to detect DNA that was 
complementary to the immobilized oligonucleotide.  This allowed them to distinguish 
between DNA molecules of different lengths.17   Marx et al. used QCM-D to develop a 
cell-based sensor to study cell adhesion.  They chemically treated the gold surface of a 
sensor disc to increase the hydrophilic character, and found that this hydrophilic surface 
could  successfully promote cell attachment.18  Tretiakov et al. used the QCM-D 
technique to study the kinetics of surface adsorption of oppositely charged nanoparticles 
on the silica surface; this surface coating system has potential applications in corrosion 
protection.19 
 
 We employed the QCM-D technique in three different projects: a) development 
and quantification of a multi-step procedure for immobilization of a protein on a solid 
surface (Chapter 2), b)demonstration that three-regime kinetics of formation of a polymer 
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 brush on any solid surface is general (Chapter 3), and c) quantitative detection of 
bisphenol A molecules in aqueous media (Chapter 4). 
 
1.2 Introduction of dynamic mechanical analysis 
 
 Dynamic mechanical analysis (DMA) is used to characterize the mechanical 
properties of a large range of materials, such as plastics, hydrogels, films, fibers, and 
composites.  The DMA technique, compared with other mechanical analysis techniques, 
is non-destructive.  Like the QCM, it uses vibration to probe the sample, but unlike the 
QCM, the vibration is forced, not free.  Although not a new technique, the application of 
DMA to biomaterials has increased recently.  
 
1.2.1 The basic set-up of DMA 
 
 The dynamic mechanical analysis equipment from TA instruments is shown in 
Figure 1.7. DMA can be operated in different loading modes (shown in Figure 1.8), so 
that the loading modes relevant to specific applications of a material can be used.  In 
single/dual cantilever bending mode, the sample is clamped at both ends and either flexed 
in the middle (dual cantilever) or at one end (single cantilever).  Single cantilever is 
suitable for evaluating thermoplastic materials, and the dual cantilever mode is suitable 
for evaluating thermoset materials.  In 3-point bend, the sample is supported at both ends 
and force is applied in the middle.  This is suitable for evaluating composite materials.  In 
shear mode, two equal-sized pieces of the same material are sheared between a fixed and 
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 a moveable plate.  This is suitable for high viscosity resins or other high damping 
materials.  In tension mode, the specimen is placed between a fixed and a moveable 
clamp and is extended.  This mode is suitable for evaluating both films and fibers.  In 
compression mode, the specimen is placed on a fixed flat surface and a plate applies 
compression force to the top of the specimen. This mode is suitable for materials having 
modulus values in the range 1 kPa to 60 kPa, which includes hydrogels.  In our study, the 
compression mode was used to study the mechanical properties of a family of hydrogels.  
 
 
 
Figure 1.7. Dynamic mechanical analysis (DMA) equipment. Image taken from TA 
instruments manual (New Castle, DE). 
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Figure 1.8. Six deformation modes of DMA equipment. Image taken from TA 
instruments manual (New Castle, DE). 
 
 
1.2.2 Background of DMA 
 
 In DMA, an oscillating force is applied to a specimen and the response is 
analyzed as a function of temperature or frequency.  The applied force is expressed as 
stress (load/original area), and the deformation is expressed as strain (extension/original 
length). The sample can be subjected to either a controlled stress or a controlled strain. 
 
 DMA measures the stiffness and damping of a material during dynamic loading, 
and reports these properties as modulus and tan δ (tangent of the phase angle, delta). The 
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 storage modulus E’, which is related to the elastic behavior of the material, reflects the 
energy applied and stored elastically during one deformation cycle.  The loss modulus 
E’’, which is related to the viscous behavior of the material, reflects the energy applied 
but not recovered during one deformation cycle.  The tan delta is the ratio of the loss 
modulus to the storage modulus, and is often called damping.  It is related to the energy 
dissipation of a material during dynamic loading.  The “complex,” E*, is a composite of 
both the storage modulus and loss modulus.  Figure 1.9d shows the relationship among 
these four properties.   
 
 Many materials are characterized as having viscoelastic behavior, that is, having 
both elastic (solid) and viscous (liquid) properties simultaneously.  The behavior of ideal 
solids is mathematically described by Hooke’s Law, which states that the strain is directly 
proportional to the applied stress in a specimen. Young’s modulus is the ratio of stress to 
strain.  Ideal solids are purely elastic and have the ability to store energy and to return it 
completely to the loading system when the applied stress is removed.  In an ideal liquid, 
the rate of strain and not the strain itself is proportional to the applied stress.  Ideal liquids 
are unable to store the applied energy and they dissipate all of this energy as heat.  
However, most materials exhibit behavior that combines both solid and liquid behavior, 
in which both the strain and the rate of the strain are proportional to the applied stress (or 
the other way around, i.e., the stress is proportional to both the applied strain and the 
applied rate of the strain).  In dynamic mechanical analysis, the mechanical response is 
measured as a function of frequency or temperature.  As shown in Figure 1.9, for an ideal 
solid, when strain is applied, the stress response follows instantaneously and in “lock-
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 step”; the phase angle between the stress and strain is equal to zero. Similarly, when 
stress is applied to an ideal solid, the strain response follows instantaneously and in lock-
step; the phase angle between the stress and strain is zero.  By contrast, for an ideal liquid 
the strain lags behind the stress by a phase angle of 90o.20   Therefore, a viscoelastic 
material, which is neither completely elastic nor completely viscous, will exhibit a phase 
angle between 0o and 90o. 
 
 
Figure 1.9. Illustration of relationships among sinusoidal stress, sinusoidal strain, and 
phase angle for: a) an ideal solid (completely elastic), b) an ideal liquid (completely 
viscous), and c) a viscoelastic material.  Shown in d) is a vector diagram of storage 
modulus, loss modulus, and phase angle, with equations given for complex modulus and 
phase angle. Adapted from ref 22 
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  DMA can also characterize two behaviors commonly observed in viscoelastic 
materials; these are stress relaxation and creep.  Stress relaxation describes the time- 
dependent reduction in stress after instantaneous application of a constant strain. Creep 
describes a time-dependent increase in strain after instantaneous application of a constant 
stress. 21 
 
1.2.3 Analysis of DMA data 
 
 Dynamic mechanical analysis can characterize the mechanical properties of a 
wide range of material types.  Figure 1.10 shows the storage modulus (E’), loss modulus 
and phase angle of a material as a function of frequency.  Figure 1.10a shows that E’ is 
higher than the E’’ over the entire frequency range.  This indicates that this material 
behaves as a viscoelastic solid rather than as a viscoelastic liquid.  Another proof that the 
material is a viscoelastic solid is shown in Figure 1.10b; the phase angle is well below 45 
degrees, indicative of a viscoelastic solid.  To be categorized as a viscoelastic liquid, a 
material must have a phase angle, δ , above 45 degrees. 
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Figure 1.10. a) Storage modulus (E’, solid symbols) and loss modulus (E’’, dot symbols) 
as a function of test frequency for a viscoelastic material. b) Phase angle as a function of 
test frequency for the same viscoelastic material. 
 
  
 Dynamic mechanical analysis can also be used to characterize the thermal 
properties of a wide range of material types.  It is able to identify the glassy-to-rubbery 
transition of solid polymers.  This transition occurs suddenly over a very narrow 
temperature range, and at this transition, the modulus of the rigid, noncrystalline glass 
drops precipitously by three orders of magnitude to a modulus characteristic of a rubber. 
For practical reasons, it is a very important transition and the temperature, Tg, at which it 
occurs is an important property of any polymer.  When plotted as log modulus vs. linear 
temperature, as shown in Figure 1.11, the glass transition temperature (Tg) is seen as a 
large drop in the storage modulus. A concurrent peak in the tan δ is also seen. The value 
of Tg is most commonly taken as the peak of the tan δ.  
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Figure 1.11. Glass transition temperature (Tg) is shown by the dotted line for a 
viscoelastic material. G’ is storage modulus, G’’is loss modulus. Adapted from ref. 22 
 
 
1.2.4 Applications of DMA 
 
 Newly developed polymeric materials are largely used in drug delivery systems 
and medical devices.20,22  The mechanical and thermal properties directly affect their 
clinical performance.  Since, in clinical practice, the temperature is fairly constant, and it 
is the mechanical properties that are most important.   Dynamic mechanical analysis 
(DMA) has many modes of operation and can be used for the characterization of new 
polymeric materials intended for pharmaceutical and biomedical applications.22   Mano et 
al.23 used DMA to characterize the mechanical properties of a commercial β-polyvinyli-
dene fluoride film, which is commonly used for sensor devices.  Chen et al.24 used DMA 
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 to study the mechanical and thermal properties of poly-l-lactic acid and poly-dl-lactic 
acid blends, which are used in orthopedic and dental applications.  Gomes et al.25 used 
DMA to study the mechanical properties of corn-starch-based polymers, which are used 
in the manufacture of biodegradable polymer scaffolds.  
 
 In our study, we applied dynamic mechanical analysis to characterize the 
mechanical properties of a chondroitin sulfate-based synthetic hydrogel that was designed 
to mimic the mechanical properties of nucleus pulposus in the human spine.  This will be 
explained in greater detail in Chapter 5.  
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 Chapter 2. Quartz Crystal Microbalance (QCM): Useful for Developing Procedures 
for Immobilization of Proteins on Solid Surfaces 
 
2.1 Introduction to protein immobilization 
 
Immobilization of proteins onto surfaces is of great importance in numerous 
applications, including protein analysis, drug screening, drug discovery, and medical 
diagnostics.26-29   Ideally, protein immobilization refers to the attachment of proteins to 
surfaces without affecting the conformation or biological function of these proteins.  The 
reason for immobilizing protein on the solid surfaces is to study or exploit the 
interactions of proteins with ligands, such as antibodies, hormones, or other molecular 
species.30-32  Immobi1ization has been a challenging task, mainly due to the complex 
nature of proteins.  A suitable immobilization procedure would allow the protein to retain 
its biological activity and therefore must be designed with the detailed physicochemical 
properties of both the protein and surface of interest in mind.  Typically, a multi-step 
procedure is necessary, which may involve a combination of chemical and/or biological 
methods.   
 
2.1.1 Protein immobilization methods 
 
 In general, protein immobilization is accomplished by linking proteins to a solid 
surface that has been previously prepared to receive the protein.32-33   This can be 
accomplished by means of physical methods, such as adsorption; chemical methods, such 
as covalent bonding, and biological methods, such as ligand binding (bio-affinity).31-34   
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 Physical methods of immobilization can be associated with detrimentals effect on the 
protein itself. 
 
2.1.1.1 Physical adsorption of protein 
 
Adsorption is a physical method based on intermolecular forces of attraction 
rather than covalent bonding acting to immobilize a protein on the substrate surface.  
When the solid surface is charged (as is glass at certain pH-values), electrostatic 
interactions are of primary importance.  For noncharged surfaces, hydrogen bonding, van 
der Waals and hydrophobic interactions are important.  Each protein molecule can form 
multiple contacts with the surface, possibly disrupting the secondary and tertiary structure 
of the protein, so that the protein molecules in the layer are likely to be randomly 
oriented, a state that often results in the loss of activity (denatured).35-36 
 
2.1.1.2 Chemical methods of protein immobilization 
 
A chemical method is a preferred method of immobilization because only one 
attachment point on the protein is required and the covalent bond so formed is durable.  
The surface of interest is usually modified so that it contains functional groups.  
Functional groups that can be installed on the solid surface include carboxylic acid, 
amine, epoxide, maleimide, etc.  For example, silica surfaces can be modified readily 
with commercially available organofunctionalsilanes containing a wide variety of 
different functional groups.  The functional group can be selected to form a covalent 
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 bond with either the C-terminus or the N-terminus of the protein of interest.  
Alternatively, a functional group can be selected to form a covalent bond with a 
complementary functional group on one of the side chains within an amino acid residue 
of the protein of interest.  For example, the cysteine residue contains a thiol side group; 
the lysine residue contains an amine side group; the aspartic acid and glutamic acid 
residues each contain a carboxylic acid side group.  Well known coupling reactions allow 
covalent bonds to be formed between some of these side groups and the functional groups 
attached to the solid surface.31,36-37 
 
In recent years, three highly selective linking reactions used in multi-step 
immobilization procedures have received increasing attention. These reactions proceed 
under mild physiological conditions (i.e. pH near neutral and near room temperature), 
thus reducing the risk of protein denaturation, while permitting uniform alignment of 
protein molecules on the surface.33   These three types of reaction are native chemical 
ligation, Staudinger ligation, and click chemistry, each described below.  
 
 a) Native chemical ligation is the formation of an amide bond between two 
unprotected peptide segments.38  First introduced by Dawson and coworkers in 1994, this 
reaction occurs at high yield under aqueous conditions at neutral pH.  It links a peptide 
having a thioester group at the C-terminus to a peptide having a cysteine residue at the N-
terminus.  In short, it is a transesterification reaction between a thiol and a thioester, 
followed by a rearrangement to give an amide linkage, or peptide bond, between the two 
peptides.  Figure 2.1 shows the reaction scheme.  
24 
 
  
NH SR
O
R'
+
+H3N
HS
+H3N
S
NH
N
H
R'
O
P
P
HN
O
R'
O
O
O
SH
 
Figure 2.1. Reaction scheme for native chemical ligation. 
 
 
Initially, a peptide containing a thioester end-group reacts with a peptide 
containing an N-terminal cysteine residue in a transesterification reaction.  The new 
thioester formed is an intermediate, which spontaneously rearranges through a favorable 
five-member ring geometry to form an amide bond at the ligation site.39 Because the 
newly formed amide bond is a peptide bond, as found in native proteins, this reaction is 
called “native chemical ligation”.   This method has been used for attachment of 
fluorescent dyes and biotin tags.40   Recently, this strategy has been extended to the 
immobilization of peptides and proteins on a glass surface used for protein chip 
fabrication or used for living cell bioimaging.34,41-42 
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 b) Staudinger ligation, originally reported by Hermann Staudinger in 1919, is a 
reaction of an organo-azide with a triphenylphosphine.43  Figure 2.2 shows the reaction 
scheme.  In this reaction the lone pair electrons of triphenylphosphine attack the terminal 
nitrogen atom of the azide to yield anaza-ylideintermediate. This intermediate then 
undergoes an intramolecular rearrangement to form a 5-membered ring intermediate (not 
shown), which undergoes hydrolysis in the presence of the water to form an amide-linked 
product.  Soellner et al. used Staudinger ligation method for the immobilization of RNase 
for creating microarrays to detect ribonucleolytic activity.44   Bertozzi et al. demonstrated 
the use of the Staudinger ligation to develop protein microarrays for probing the activities 
of glycosyltransferase.45 
 
Figure 2.2. Reaction scheme for Staudinger ligation 
 
 
c) Click chemistry, introduced by Sharpless and coworkers in 2001, is defined as 
a reaction that occurs between only two, very specific functional groups that are highly 
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 chemoselective for each other.46   Often referred to as “orthogonal” chemistry, click 
chemistry can be performed in the presence of other functional groups and, still, only the 
two specific functional groups will react.  Click reactions are efficient and can be 
performed under mild conditions to lead to a stable product in high yield.  
 
The most famous example of click chemistry is copper-catalyzed cycloaddition of 
an azide-terminated molecule with an alkyne terminated molecule.(Seen in Figure 2.3)  It 
connects two unsaturated moieties to form a five-member heterocyclic product.40Shi et 
al. immobilized a breast cancer protease, TSP50, onto polymer fibers by means of click 
chemistry for use in the detection, separation, and purification of anti-TSP50.47  Slater et 
al. extended this strategy to high pressure liquid chromatography to prepare stationary 
phases for the separation of peptides and proteins.48 
 
N N N
+
C CHP
Cu(I),
 
30
 mins
Room
 
Temperature
N
N N
P
Azide-modif ied
 molecule
Stable
 triazole
 conjugate
 
Figure 2.3. Reaction scheme for example of click chemistry 
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 2.1.1.3 Biological methods of protein immobilization 
 
A biological method of protein immobilization is one that is based on formation 
of a complex or on specific bioaffinity between two proteins or between a protein and a 
ligand (small molecule).  The formation of the complex occurs at a particular receptor 
site on a protein, giving this kind of binding high specificity.  The protein or proteins do 
not become denatured, and the product is typically well oriented on the solid surface.  
The formation of biological complexes can be a reversible process, allowing for the 
possibility of removing the protein from the surface and reusing the same surface.31-33 
One of the most common complexes formed by bioaffinity is that between biotin and 
avidin.  Biotin, a low molecular weight molecule, can be derivatized with any of several 
groups for covalently bonding to an amine-derivatized solid surface.  Avidin is a much 
larger protein and provides four binding sites to biotin with high affinity.  Thus the 
formation of the complex is rapid and the biotin-avidin complex is very stable.40 
 
An example of exploitation of bioaffinity is the histidine-tag system.  A “His-tag” 
consists of six histidine residues placed purposely at the C- or N-terminus of a protein.   
The His-tag of the protein can form a chelate with a previously immobilized nickel 
complex, such as Ni-nitriloaceticacid, which is covalently bonded to the solid surface.  
This chelation system is highly specific and gives oriented proteins on the solid surface. 
The main advantage is rapid formation and reversibility, so that the protein can be readily 
released from the surface upon change of conditions.31,33,49 
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 2.1.2 Applications of protein immobilization 
 
The main applications for protein immobilization are construction of microarrays 
and biosensors, as described below.   
 
1) Protein microarrays:  Different proteins (often hundreds) are arranged in an 
array on a solid surface.  Such an array allows many tests to be performed at the same 
time, i.e., high-throughput screening, to detect protein-protein interactions, protein-DNA 
interactions, protein–RNA interactions, protein–ligand interactions, and even protein-
drug interactions.26-27   In landmark work, Zhu et al. immobilized a large number of yeast 
kinases (proteins) with 17 different proteins to detect the catalytic activities of 27 novel 
tyrosine kinases.29   This group also detected 33 new binding proteins using calmodulin 
binding proteins with yeast proteome arrays.  Later on, protein microarrays were devel-
oped in the form of chips, which are protein microarrays on grids.  This form permits the 
use of small amounts of proteins in a high density. Other physical forms include etched 
glass slides, porous gel pad slides and glass microwells.  Specific uses have included the 
conduct of immunoassays and the separation of a specific ligand from complex mixtures.  
The chip technology is a highly parallel and miniaturized solid surface system with high 
detection sensitivity and low consumption of reagent and protein.26,50-51 
  
2) Biosensors: Proteins serving as recognition elements are immobilized directly 
on a sensor surface for the study of interactions of a protein with other species.  A 
biosensor is set up to give an electronic signal when there is recognition by the 
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 recognition element.  Ji et al. anchored anti-prion antibodies (proteins) as recognition 
elements on resonating microcantilevers.  The binding of prions to the antibodies 
generated a change in the resonant frequency of the microcantilever.52   Zhu et al. 
immobilized antibodies as recognition elements on opto-fluidic, micro-ring resonators 
(OFRR) to detect M13 bacteriophage (a virus).  When the antibodies recognized the 
virus, the refractive index of the opto-fluid changed, resulting in a shift in resonant 
wavelength.53   Zheng et al. immobilized antibodies as recognition elements on silicon-
nanowires for detection of prostate specific antigen (PSA).  When PSA became bound to 
the antibody, the electrical conductance of the nanowires was altered.54   In general, 
biosensors are portable, straightforward to use, and give results immediately.  Because of 
these advantages, they have been used for detection in environmental, chemical and 
medical sciences.55 
 
2.1.3 Development of an appropriate protein immobilization technique 
 
The approach to protein immobilization requires that both the chemistry of the 
protein and the chemistry of the solid surface be considered.  Appropriate chemistry for 
linking the protein to the surface must be selected so that a durable linkage can be formed 
under conditions that do not degrade the activity of the protein.   If the solid surface does 
not lend itself to the direct immobilization of protein, then the surface must be modified.  
Silica and gold substrates are widely used materials for applications calling for 
immobilized proteins, and these surfaces always have to be modified.   
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 2.1.3.1 Chemical derivatization of the solid surface 
 
Derivatization is generally the first step in preparing a solid surface for 
immobilization of protein.  The goal of this step is the introduction of chemically reactive 
groups on the surface to make subsequent reaction possible.  The derivatized surface 
must have a sufficient number of chemically reactive groups (reactive sites) per unit area 
to make possible the ultimate attachment of the desired density of protein per unit area. 
 
 A silica surface contains 5-6 native hydroxyl groups per nm2.56-57   These 
hydroxyl groups react readily with organofunctionalsilanes to yield a maximum of about 
three functional groups per nm2.58   Organofunctionalsilanes, such as amino-functional 
silane, mercapto-functional silane or acryloxy-functional silane,are able to introduce 
primary amine groups, thiol groups, or acryloxy groups, respectively, to the silica 
surface.   These functional groups then undergo subsequent reaction with complementary 
functionalities.59   Figure 2.4 shows a diagram of derivatization of the silica surface with 
amino-functional silane.  While the figure shows the ideal case of all the methoxy groups 
reacting with the surface, it is likely that fewer react, and the reaction of only one is 
necessary for firmly securing the silane molecule. 
 
Figure 2.4. Schematic diagram of idealistic reaction between silica surface and amino-
functional silane, showing the formation of covalent bonds. 
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 The gold surface is another widely used solid surface for immobilization of 
proteins.  Molecules containing a thiol group bond readily to gold.31   Because the gold 
surface contains a maximum of 15 gold atoms per nm2, and because a trio of gold atoms 
serves as the coordination site for a single thiol group, a maximum attachment density of 
nearly five thiols per nm2 can be achieved.  In fact, alkanethiols, small molecules, form a 
highly ordered and densely packed monolayer of 4.5 alkanes/nm2.  For protein 
immobilization, any thiol containing a different functional group at the end opposite the 
thiol group can be used to modify the gold surface.    
 
2.1.3.2 Prevention of non-specific protein adsorption to the solid surface 
 
If the immobilized protein comes in direct contact with a solid surface of high 
energy (such as gold or silica), it will experience non-specific adsorption.  The 
consequences of this are often disruption of the native structure and disruption of the 
activity of the protein.  In addition, such disruption interferes with the signal in the case 
of biosensors or microarrays.60-62  Therefore, when a protein is immobilized on the 
surface, it should not come into direct contact with the surface.  This means that there 
must be an intermediate substance acting as a spacer between the surface and the 
immobilized protein.   
 
Poly(ethylene glycol) (PEG) has been found to be a good intermediate substance 
for preventing non-specific adsorption of proteins.60,62-63   PEG is typically end-attached 
to the surface so that it cannot be washed away.  PEG brushes (a densely packed 
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 monolayer of end-attached PEG molecules) have been used on surfaces to prevent 
adsorption of proteins or cells in buffered aqueous solutions since early 1980s.64   In 
recent years, the mechanism by which PEG brushes inhibit the non-specific adsorption of 
protein has been heavily debated.   
 
The ability of PEG to prevent nonspecific adsorption is now believed to be a 
result of the ability of PEG to hold water around itself, thereby holding a layer of water 
between the solid surface and the protein.60,62,65-70   The surface attachment density of the 
PEG chains is important.  The attachment density should not be so low that small protein 
molecules can diffuse through the gaps between PEG chains to reach bare surface and 
adsorb nonspecifically.  On the other hand, the attachment density should not be so high 
that the layer expels most of the water held within and forms a dry PEG brush, the top of 
which provides a new surface for nonspecific adsorption of protein.  The appropriate 
PEG brush has an attachment density that is neither too high nor too low.  In a brush, 
where the end-attached chains stretch away from the surface to avoid mutual overlap, the 
hydrated brush is 90 -95% water by volume and only 5-10% polymer (PEG) by volume.  
Because water generally does not denature proteins, the water in the PEG brush protects 
the protein from the surface and prevents nonspecific adsorption.  
 
2.1.4 Problems with quantification of protein immobilization 
 
 Up to now, the chief problem in protein immobilization has been the lack of 
adequate characterization of the results of the surface immobilization procedures.  
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 Numerous attempts have been made to characterize the results of each reaction step in the 
procedure.  Surface Plasmon resonance, atomic force microscopy, ellipsometry and 
fluorescence spectroscopy have been used.51,71   However, these techniques have not been 
successful in quantifying a series of sequential reaction steps.  When immobilization 
procedures fail, it is often never known why they fail, and the experimenters are left with 
trial and error approaches.  Quantification of each step in the procedure would yield a 
clear understanding of the procedure and would identify which steps, if any, are 
problematic. 
 
One of the main difficulties in characterizing each successive reaction step is the 
thinness of the layer formed. For example, a collapsed polymer brush from which solvent 
has been excluded might be only about 6 nm thick.  Such thin layers contain too little 
volume of material to be detected by standard analytical methods. This problem underlies 
the lack of quantitative, and in some cases, the lack of qualitative characterization of a 
multi-step immobilization procedure.  A promising approach that has the potential to 
overcome these issues makes use of the quartz crystal microbalance (QCM). 
 
2.1.5 Quartz crystal microbalance for characterization 
 
The quartz crystal microbalance (QCM) is ultrasensitive and quantitative and can 
be used to monitor each successive step of a multi-step surface modification procedure in 
real time and in situ. QCM has been applied in various fields, such as food analysis, 
clinical analysis, environmental monitoring and gene probe assay.1 
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 2.1.6. Approach 
 
Our goal was to demonstrate that the QCM could be used to quantify each step of 
a multi-step procedure for immobilization of a protein on a solid surface. To achieve this 
goal, we had to conduct the multi-step procedure on the surface of QCM sensor disc. The 
maximum number of protein molecules that will fit per unit area depends on the size of 
those molecules. Ubiquitin (Figure 2.5) was used as the immobilization protein in our 
study.  Ubiquitin is a small globular protein with a molecular weight of 8.5 kDa.  It is 
composed of 76 amino acids, and has been found in all tissues of eukaryotic organisms 
(A eukaryote is a single-celled or multi-cellular organism whose cells contain a distinct 
membrane-bound nucleus).72  The radius of gyration of this protein is about 1.3 nm and 
the cross sectional area is~5.3nm2.  Thus a fully packed monolayer of nondistorted 
ubiquitin can contain a maximum of 0.19 protein molecules per nm2.73 
 
Figure 2.5. Structure of ubiquitin.74 (Courtesy of Dr. Jonathan B. Soffer) 
35 
 
 In surface chemistry, the term “reactive site” is used to indicate a spot on a solid 
surface to which a single species can be attached.  We used two different surfaces on the 
sensor discs of the QCM: silica and gold.  As previously stated, gold has 15 reactive sites 
per nm2 and silica has 5-6 native hydroxyl groups per nm2. Both surfaces have an excess 
of reactive sites per unit area over the number of reactive sites required (0.19 molecules 
/nm2) for attachment of a monolayer of ubiquitin.  In the multi-step procedure we have 
designed, there are either three or four main steps for immobilization of a protein on a 
solid surface.  The procedure begins with derivatization of the bare solid surface – 
required for silica but not required for gold.   Next comes the grafting of polyethylene 
glycol (PEG) chains to both solid surfaces for the prevention of nonspecific protein 
adsorption. Then protected cysteines are attached to the free ends of the PEG chains, 
followed by deprotection of the terminal cysteine residues.  Finally, the protein is 
attached by native chemical ligation to the deprotected cysteine residue.  Figure 2.6 
shows the multi-step procedure for immobilization of ubiquitin on a silica surface, where 
an initial derivatization of the bare surface is required.   
 
The silica is derivatized with acryloxy functional silane.  This makes it possible to 
graft PEG to the silica surface.  The grafting reaction is a Michael addition between 
acryloxy groups on surface and thiol groups on PEG chain ends.  Both the derivatization 
of the silica surface and the grafting of the PEG chains to the acryloxy group were 
conducted outside the QCM flow cell; this was because both steps required temperatures 
(70 oC) higher than the highest operating temperature (40 oC) of the QCM.  After 
completion of each reaction step, the sensor disc was rinsed, dried, and installed in the 
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 QCM for measurement in air of the mass of the deposited layer.  After this, all 
subsequent steps (Figure 2.6) were conducted in the QCM flow cell.  
 
For the gold surface, PEG chains were grafted directly to the surface by means of 
the coordination bond formed between gold surface and thiol groups on the PEG chain 
ends.  Because this reaction took place at room temperature, it could be conducted and 
monitored in real time in the flow cell of the QCM.  Because the PEG layer contained so 
much solvent, the Sauerbrey equation could not be used for computation of mass 
deposited; therefore the sensor disc had to be removed from QCM flow cell, dried, and 
reinstalled in the QCM for measurement in air of the mass of the deposited layer.   
 
A cysteine residue was attached to the free end of each grafted PEG chain by 
allowing the carboxylic acid group (-COOH) of each cysteine was allowed to react with 
the –NH2 at the end of each PEG chain. During this reaction, –SH and –NH2 groups of 
the cysteine were protected with triphenyl methyl (Trt) and 9-fluorenylmethyloxy-
carbonyl (Fmoc) groups, respectively, to prevent cross-reactions. Fmoc was selected over 
the more commonly used benzyloxy-carbonyl (Boc) protecting group because the Fmoc 
could be removed under relatively mild conditions, while removal of Boc required harsh 
conditions that damaged the gaskets of the QCM flow cells.  The coupling reagent used 
to promote the formation of an amide linkage between the carboxylic acid of the 
protected cysteine and the terminal amine group of a PEG chain was HBTU.  This is a 
popular coupling agent that works under mild conditions.  Then, the –SH and –
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 NH2groups of the cysteine residue were deprotected to make it ready for the next step -- 
participation in the native chemical ligation of the protein molecule.   
 
For native chemical ligation, the C-terminus of the protein must carry a thioester 
group, which undergoes a transesterification reaction with the –SH group of a cysteine 
residue.  Then a rearrangement takes place that involves the –NH2 of the cysteine residue 
to form an amide linkage, as in a peptide. In native chemical ligation step, 4-mercapto-
phenyl-acetic acid (MPAA) was used as a catalyst.  This catalyst is highly effective and 
water soluble, thus enhancing the rate of the ester exchange step, which involves the 
thioester of the protein in solution and the –SH group of the cysteine residue linked to the 
solid surface.  
 
In sum, for each of the above reaction steps in the multistep procedure, we 
analyzed the outcome by means of the QCM.  Analysis of each step was performed either 
in the flow cell or under dry conditions in air.  The QCM gave a net frequency change for 
each step, and this net frequency change was converted to mass added to solid surface.  
Because we used well controlled and well characterized reactants at each step of the way, 
we were able to convert mass added to surface attachment density.  Knowledge of surface 
attachment density at each step provides the kind of quantitative analysis that has not 
been achieved previously and that allow us to understand the process of protein 
immobilization.  
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Figure 2.6. Multi-step immobilization of protein (ubiquitin) on the silica surface of sensor 
discs used in quartz crystal microbalance:  (1) derivatization of silica surface with 
acryloxy functional groups, (2) grafting of α-thioalkyl-ω-amino PEG chains to 
derivatized surface by means of reaction between acryloxy groups on surface and thiol 
groups on chain ends, (3) coupling of protected cysteines to the free terminal amines of 
the PEG chains, (4) removal of Fmoc protecting groups,  (5) removal of Trt protecting 
groups, and (6) covalent bonding of ubiquitin to cysteine residues by means of  native 
chemical ligation. 
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 2.2 Experimental 
 
2.2.1 Materials 
 
Table 2.1. List of reagents used. 
Chemical Source  Purity MW 
acryloxypropyltrimethoxysilane Gelest >96% 234 
n-propyl trimethoxysilane Gelest >95% 164 
ethylenediamine Aldrich >99% 60.10 
diethylamine Aldrich >99.5% 73.14 
N,N-diisopropylethylamine, DIPEA  Aldrich 99% 129.24 
1-hexanethiol  Aldrich >95% 118.24 
α-thioalkyl-ω-amino poly(ethylene glycol), 
HS-PEG-NH2,  Mn=2400 g/mol, PDI =1.10  
Polymer 
 Source 
-SH functionality 
>99%), 
2,400 
tris(carboxyethyl) phosphine hydrochloride, 
TCEP 
Aldrich 1001102817 286.65 
protected cysteine, Fmoc-cys(Trt)-OH Anaspec 98% 585.7 
2-(1-H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate, 
HBTU  
Anaspec 98% 379.24 
piperidine Aldrich 99.5+% 85.15 
trifluoracetic acid, TFA  Aldrich 99% 114 
triisopropylsilane, TIS  Aldrich 99% 158.36 
4-(2-hydroxyethyl)-1-piperazine 
ethanesulfonic acid, HEPES  
Aldrich 99.5% 238.3 
NaOH Fisher  regent grade 40 
NaCl Fisher reagent grade 58.5 
4-mercaptophenylacetic acid, MPAA  Aldrich 97% 168.21 
ubiquitin from bovine erythrocytes Aldrich 98 % 8560 
ubiquitinthioester prepared by custom 
synthesis  
P. Loll   
toluene Aldrich 99.9% 92.14 
ethyl alcohol (anhydrous) Pharmco 200 proof 46 
N,N-dimethylformamide, DMF Aldrich 99.8% 73.09 
dichloromethane Aldrich 99.9% 85 
2-(N-morpholino)ethanesulfonic acid   195.2 
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 2.2.2 Procedures 
 
Quartz crystal microbalance   A quartz crystal microbalance with dissipation 
monitoring, model E4 QCM-D from Q-Sense Inc. (Gothenburg, Sweden), was used.  The 
sensing element of this instrument is an AT-cut piezoelectric quartz disc with a diameter 
of 14 mm, a thickness of 0.3mm, a resonant frequency of 4.95 MHz and a total sensing 
area of 154 x 1012nm2.   One side of each sensor disc bore a 50-nm thick layer of either 
gold or SiO2 and the other was patterned with a metal electrode.  A peristaltic pump drew 
solvents and solutions through the flow cells at a rate of 88 µL/min, except for native 
chemical ligation step, where a rate of 0.4 µL/min was used in order not to shear the 
protein.  All experiments conducted in flow cells were run at 22.5 oC.   Prior to use in the 
flow cells, all liquids were sonicated to remove bubbles.  For each experiment, n
fn∆ and 
D∆  for three vibrational modes (n = 3, 5, and 7) were monitored continuously.   
 
Cleaning of sensor discs  A Teflon holder containing 5 quartz sensor discs, either 
silica- or gold-coated, was submerged in piranha solution (see chapter 1) for 30 min.  The 
discs were then washed with distilled, de-ionized water, and pure ethanol.  This rinse 
procedure was repeated three to five times until the rinse water was neutral.   The sensor 
discs were then dried under vacuum.  All cleaned discs were then exposed to UV-ozone 
(Procleaner, Bioforce Nanosciences) treatment for 40-60 min to remove any organic 
matter from the surface. 
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 Contact angle measurements  The contact angles of sessile drops on the surfaces 
were measured with a custom-made goniometer.  Droplets of de-ionized water (each 1.0 
μLfrom a micropipette) were placed gingerly on the surface of interest to produce the 
advancing contact angle.  Two measurements were taken from each of four droplets.  In 
this dissertation, the contact angles are reported as the average ±  standard deviation.    
 
 Evaluation of solvent   The changes in  n
fn∆  and D∆  caused merely by the 
change in the physical nature of the liquid flowing over the surface of the sensor disc in 
the flow cell were determined for two control surfaces: bare silica and n-propyl-
derivatized silica.  The former is a hydrophilic surface and the later is hydrophobic, so 
that the interaction of solvent and nonreacting reagents with a surface of high and low 
surface energy, respectively, could be compared.  To make sure that the frequency 
change after the reaction step was due only to chemically bonded species, the frequency 
changes of those solutions containing nonreacting reagents were compared with the 
frequency changes of the pure solvent.    For this, pure solvent was pumped through the 
flow cell until a stable baseline was established.  Then a solution of nonreacting 
reagent(s) dissolved in the same solvent was pumped through the flow cell.  After this, 
pure solvent was again pumped through the flow cell.  The values of n
fn∆  and D∆ were 
monitored continuously as the solvent, solution, and solvent, in that order, were pumped 
over the sensor discs.  
 
 Derivatization of silica sensor discs with organofunctionalsilane   Because of the 
high temperatures required, derivatization of the surfaces of silica sensor discs with 
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 organofunctionalsilane could not be conducted in the flow cells of the QCM.  Instead, 
derivatization was conducted on a Schlenk line under anhydrous conditions to ensure that 
the silane did not hydrolyze, self-polymerize, and then deposit as a non-chemically 
bonded polymeric coating on the solid silica surface.  A Teflon holder containing silica 
sensor discs was placed in a 100-mL flask.  The flask was evacuated and back-filled with 
argon three times successively before freshly distilled toluene (~30 mL) and 0.1 mL of 
the acryloxypropyltrimethoxysilane was added with a syringe.  The mixture was heated 
to 70 oC and was held for 48 h under argon, after which the sensor discs were removed 
from the flask and were washed three times in toluene with sonication.  Contact angle 
measurements were made to qualitatively verify derivatization.  The derivatized sensor 
discs were dried with flowing argon and were stored in a desiccator until needed. 
 
 Model Michael reactions in solution  The Michael reaction of a thiol group on 
PEG chains with the double bond of an acryloxy group was conducted in the presence of 
different amine catalysts.  Amines serve as base catalysts for the addition of thiol to an 
alkene in which one of the carbons bears an electron with drawing group.  The 
deprotonated thiol adds to the alkene in a nucleophilic reaction.  The amine base catalyst 
can not add to the alkene.75  For each reaction, a 25-mL flask was evacuated and back-
filled with argon three times. Freshly distilled toluene (~7 mL), acryloxypropyltrimeth-
oxysilane (0.470 g, 2.01 mmol), 1-hexanethiol (0.289 g, 2.44 mmol), and either 800 µL 
(4.6 mmol) of di-isopropylethylamine, 17 µL (0.25 mmol) of ethylenediamine, or 26 µL 
(0.25 mmol) of diethylamine were added to the flask.  The reaction mixtures were stirred 
overnight at room temperature.   Nuclear magnetic resonance was used to assess 
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 outcomes of the model reaction; values for per cent reaction were obtained by taking the 
ratios of integrated alkene peaks (~5.95, ~6.27 and ~6.55 ppm) before and after the 
reaction.  Spectra showed that model reactions catalyzed by N,N-diisopropylethylamine, 
a tertiary amine, even though it was used in large excess, went to only 60-70% 
completion, while those catalyzed by ethylenediamine and diethylamine, primary and 
secondary amine, respectively, went to completion.  Therefore, ethylenediamine was 
selected as the basic catalyst for the Michael reaction.   
 
Grafting of polyethylene glycol to silica   A Michael reaction, requiring elevated 
temperature, was conducted on the Schlenk line to graft HS-PEG-NH2 to the  surface of 
acryloxy-derivatized sensor discs.  For this, HS-PEG-NH2 (17.9 mg, 0.00746 mmol) was 
added as a dry powder to a 50-mL flask.  Then, four sensor discs derivatized with 
acryloxypropyltrimethoxysilane and one derivatized with n-propyltrimethoxysilane (as a 
control) were placed in a Teflon holder, which was placed in the flask along with the dry 
solids. The flask was attached to the Schlenk line and was evacuated and back-filled with 
argon three times, after which freshly distilled toluene (~20 mL) and ethylene diamine 
catalyst (5 µL, 0.075 mmol) were added. The mixture was stirred under argon until all 
solids were dissolved.  Once the solids had dissolved completely, the reaction was 
permitted to proceed in the flask under argon at 70 oC for 72 h.  Then the sensor discs 
were removed and rinsed with sonication in toluene and in ethanol.  After being rinsed, 
the sensor discs were dried under flowing argon and placed in the flow cells of the QCM 
for the next step.    
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 Grafting of polyethylene glycol to gold   Grafting of PEG chains to gold was 
conducted in the flow cell of QCM at room temperature.  Bare and clean gold sensor 
discs were placed in the flow cells of QCM, and a stable baseline was established with a 
mixed solvent composed of ethanol : water (1 : 5 by volume).  Then a solution containing 
HS-PEG-NH2 (30 mg, 0.0125 mmol) in 20 mL of the same mixed solvent was sonicated 
to remove air bubbles first and then circulated through the flow cells for 4 hours at room 
temperature to allow the grafting of PEG chains grafted to the gold surface.  After this, 
the same mixed solvent was re-introduced to the flow cell for 1-2 h to rinse away any 
non-chemically bonded species.  The sensor discs were dried under flowing argon and 
were stored in a dessicator until needed for the next step 
 
The coupling of protected cysteine to the amine ended-PEG   Coupling of 
protected cysteine to the amine-functionalized end of the grafted PEG was conducted in 
the QCM flow cells.  The –SH group of the cysteine was protected by the triphenyl 
methyl group (Trt) and the –NH2 group was protected by the 9-fluorenylmethyloxy-
carbonyl group (Fmoc).  For coupling, the sensor discs bearing grafted PEG chains were 
placed in the flow cells of the QCM, and freshly distilled DMF was passed through the 
cells until a stable baseline was established.  In the meantime, the solution of reagents for 
the coupling reaction was prepared in the Schlenk line.  Preparing this solution consisted 
of weighing the following dry reagents and adding them to a 50-mL flask: protected 
cysteine (62.5 mg, 0.107 mmol) and the activating reagent HBTU (38 mg, 0.1 mmol).  
The flask containing the dry solids was attached to the Schlenk line and was evacuated 
and back-filled with argon three times.  Freshly distilled DMF (30 mL) was added to the 
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 solids, and the mixture was stirred until all solids were dissolved.  Then DIPEA (50 µL, 
37 mg, 0.29 mmol) was added by syringe, and the solution was stirred.  The flask 
containing the solution was removed from the Schlenk line, was sonicated to remove air 
bubbles, and was used immediately.  This solution cycled through the flow cells for 4 
hours at room temperature.  After this, freshly distilled DMF was introduced through the 
flow cells, without cycling, to rinse away any non-chemically bonded species. After 1-2 
hours of rinsing, the sensor discs were allowed to remain in the flow cells for the 
deprotection steps. 
 
De-protection of the cysteine residue   The amine and the thiol groups of the 
protected cysteine residue were removed (de-protected) in separate, sequential steps.  For 
removal of the Fmoc protecting group, freshly distilled DMF was passed through the 
flow cells,over the sensor discs, until a stable baseline was established.   Then a 
previously prepared solution of piperidine (4.0 mL) in freshly distilled DMF (16 mL) was 
cycled through the flow cells for 2 hour.  The sensor discs were rinsed with freshly 
distilled DMF pumped through the flow cells without cycling.  The next step was 
removal of the Trt protecting group, and for this a stable baseline was established with 
freshly distilled CH2Cl2.  Then a previously prepared solution of TFA (2.0 mL) and 
triisopropylsilane (1.0 mL) in freshly distilled CH2Cl2 (17 mL) was cycled through the 
flow cells.  After 1 hour, the cycling solution was replaced with freshly distilled, 
flowingCH2Cl2 to rinse the sensor discs for 2 h without cycling.   
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 Preparation of ubiquitin thioester   E.coli cells (Roserra (DE3), Novagen/EMD4B 
Biosciences), were transformed with plasmid encoding ubiquitin residues 1-75 fused to a 
His6-tagged Mycobacterium xenopiintein. 1-L cultures were grown in self-inducing 
media at 24 oC for 24 h, after which the cells were pelleted and resuspended in 50 mL of 
Buffer A (50 mM sodium phosphate pH 7.4, 250 mMNaCl, 7.5 mM imidazole, 10 mM 
magnesium sulfate, 2 µg/mL each RNase and DNase).  The cells were lysed by two 
passes through an Emulsiflex C5 homogenizer (Avestin, Inc.), and the lysate was 
centrifuged at 30000 g for 30 min to remove cell debris.  The supernatant was applied to 
two 5-mL immobilized-metal affinity columns (HiTrap IMAC HP, GE life Science), 
connected in series and pre-equilibrated with Buffer A.  After exhaustive washing with 
Buffer A + 0.1% Triton-X100, the ubiquitin-intein fusion protein was eluted with 25 mM 
sodium acetate pH 3.6, 500 mM NaCl; the protein was eluted into tubes containing 
sufficient HEPES buffer to bring the pH of the fractions to approximately 8.  Protein-
containing fractions were pooled, and the protein concentration was adjusted to 0.2 mM 
with the addition of buffer, after which sodium 2-mercapto-ethanesulfonate (MESNA, 
500 mM) and EDTA (200 mM) were added.  This reaction mixture was incubated 
overnight at room temperature and subsequently dialyzed against 25 mM 2-mercapto-
ethanesulfonic acid (MES) pH 6.5, 250 mMNaCl.  Subtractive purification using the 
IMAC HP column then served to remove intein and any uncleaved fusion protein, 
yielding the desired ubiquitin thioester.  The thioester was dialyzed against 20 mM MES 
pH 6.2 plus 50 mMNaCl, concentrated to 48 mg/mL (5.6 mM), flash-frozen, and stored 
at -80 oC. 
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 Native chemical ligation of ubiquitin thiol ester   Three solutions were prepared in 
advance of the actual ligation reaction.  The first of these solutions was HEPES buffer, 
which was prepared by placing HEPES (4.77 g, 0.0200mol) in a 100-mL volumetric flask 
and diluting up to the mark with de-ionized (MilliQ) water to make a 0.20 M HEPES 
solution.  The pH was adjusted to pH 8.0 with 2.0 M NaOH, and then 2.0 mL of the 
HEPES solution was mixed with 2.0 mL of 1.0 M NaCl solution to form 4.0 mL of 0.10 
M HEPES buffer.   The second solution, ~63 mM MPAA (used as a catalyst), was 
prepared by mixing MPAA (42.7 mg, 0.254 mmol), and 4.0 mL of the above-described 
HEPES buffer in a 10-mL vial.  The mixture was sonicated to promote dissolution, and 
the pH was adjusted to 8.0 with 2.0 M NaOH.  Just before use, the solution was passed 
through a filter membrane (Anodisc 13) to remove any invisible particles.  The third 
solution that had to be prepared in advance was 4-mM ubiquitin thioester, prepared by 
mixing 40 mL of an aqueous stock solution of 1 M 2-(N-morpholino)ethanesulfonic acid 
and 25 mL of an aqueous stock solution of 4 M NaCl in a beaker and bringing the volume 
to just under 2 L with deionized water.  The pH of the solution was reduced to 6.2 with 
HCl; then it was transferred to a graduated cylinder, and deionized water was added to 
bring the volume to exactly 2 L.  The final concentrations of 2-(N-morpholino)ethane-
sulfonic acid and NaCl were calculated to be 20 mM and 50 mM, respectively.  Ubiquitin 
thioester was added to a small amount of this buffer at a concentration of 45.9 mg/mL to 
make a 4 mM solution.  This buffered ubiquitin thioester was stored in a freezer at -80 oC 
until ready for use.    
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 Just prior to conducting the native chemical ligation, a 50-µL aliquot of the 
buffered solution of ubiquitin thioester (4 mM) was thawed.  A sensor disc ready for 
native chemical ligation was placed in the flow cell, and HEPES buffer was pumped 
through the flow cells until a stable baseline was obtained.  Then, the 50-µL aliquot of 
thawed, buffered 4 mM ubiquitin thioester solution was added to 150 µL of the buffered 
MPAA solution.The resultant solution was then allowed to flow through the flow cells.  
The flow rate used was 0.4 μL/min, the lowest rate available from the pump, to maximize 
the contact time of the buffered ubiquitin solution with the sensor discs and prevent any 
shearing of the protein.  Consumption of the reservoir of ubiquitin solution took 
approximately 5 hours at the flow rate used, after which non-re-circulating HEPES buffer 
was re-introduced to the flow cells to rinse away any unreacted ubiquitin molecules for 2-
3 hours.  
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 2.3 Results and discussion 
 
The final values taken for net frequency change at the end of each reaction step 
should reflect only the mass added by covalent bond formation and should not include 
any mass attached by adsorption alone.  If any of the reactants or reagents were to exhibit 
persistent adsorption, not removable by the rinsing step, a correction would have to be 
made to the final frequency change observed.  The presence of adsorption was evaluated 
as follows: first, pure solvent (or buffer) was pumped through the flow cell until a stable 
baseline was established; second, a solution of reagent(s) dissolved in the same solvent 
(or buffer) was pumped through the flow cell; and third, the pure solvent (or buffer) was 
again pumped through the flow cell to rinse the sensor disc.  The values of n
fn∆  and 
D∆  were monitored continuously as the solvent, solution, and solvent, in that order, 
were pumped over the sensor discs.  
 
 Figure 2.7 shows results for exposure of the sensor surface to the reactant and 
accompanying reagents used in the attachment of protected cysteine to the surface of the 
sensor disc.  The return of the baseline to zero upon rinsing indicated that neither the 
protected cysteine nor the reagents used with it exhibited persistent adsorption to the 
surface of the sensor disc. 
 
Figure 2.8 and Figure 2.9 show results for exposure of the sensor surface to 
reagents used in the two deprotection steps, respectively.  The return of the baseline to 
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 zero upon rinsing indicated the absence of any noticeable adsorption of these reagents to 
the sensor surface.    
 
Figure 2.10 shows results of exposure of the sensor surface to a mixture of the 
reagents used in native chemical ligation.   The return of the baseline to zero upon rinsing 
shows the absence of any noticeable permanent adsorption of these reagents to the sensor 
surface.   
 
 
Figure 2.7. QCM responses for exposure of sensor surface to protected cysteine and 
accompanying reagents to the surface of the sensor discs.  Sequence of liquids through 
flow cell: first, pure DMF; next, solution of Fmoc-cysteine, HBTU and DIPEA in DMF; 
and last, pure DMF again.   The return of the responses to the zero baseline when the pure 
DMF is injected into the flow cell again indicates that none of the solutes exhibited 
permanent adsorption to the sensor discs. 
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Figure 2.8. QCM responses for exposure of sensor surface to reagents used in 
deprotection step.  Sequence of liquids through flow cell: first, pure DMF; next, solution 
of piperidine in DMF; and last, pure DMF again.  The return of the responses to the zero 
baseline when the pure DMF is injected into the flow cell again indicates that piperidine 
did not exhibit persistent adsorption to the sensor discs. 
 
 
 
Figure 2.9. QCM responses for exposure of sensor discs to reagents used in deprotection 
step.  Sequence of liquids through flow cell: first, pure CH2Cl2; next, solution of TFA and 
triisopropylsilane in CH2Cl2; and last, pure CH2Cl2 again.  The return of the responses to 
the zero baseline when the pure CH2Cl2 is injected into the flow cell again indicates that 
neither TFA nor triisopropylsilane exhibited persistent adsorption to the sensor discs. 
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Figure 2.10. QCM responses for exposure of sensor surface to reagents used in native 
chemical ligation step.  Sequence of liquids through flow cell: first, HEPES buffer; next, 
solution of MPAA and TCEP in HEPES buffer; and last, HEPES buffer.  The return of 
the response to the zero baseline upon injection of HEPES buffer into the flow cell again 
indicates that neither MPAA nor TCEP exhibited persistent adsorption to the sensor 
discs. 
 
 
The results of the above exposures indicate that none of the reagents used 
adsorbed in a strong or persistent way to the bare silica surface of the sensor disc.  The 
same results (no adsorption) were obtained for the silica surfaces made hydrophobic by 
blocking them with N-propyltrimethoxysilane.   The absence of adsorption meant that the 
final frequency changes (termed “residual frequency”) observed for each reaction step in 
the multi-step procedure were due only to species chemically bonded to the surface of the 
sensor disc and not to physically adsorbed species. 
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 In QCM experiments, the residual frequency, n
fn∆ , can be converted by means 
of the Sauerbrey equation to mass added to the surface of the sensor disc at each step in 
the multi-step procedure.  In turn, the mass added at each step can be converted to 
number of chemical species added per unit area of sensor surface (surface attachment 
density), as long as the chemical species are well characterized and of known molecular 
weight.   To have an idea in advance of the correspondence between residual frequency 
and surface attachment density for each step of the procedure, we prepared a table of 
selected surface attachment densities and the n
fn∆ -values and masses per unit area 
corresponding to them.  These values are shown in Table 2.2, along with the molecular 
weights of the species concerned.   When the actual measurements of  n
fn∆  were made 
for each step, the computation was done in the reverse, i.e., frequency was converted to 
mass/nm2, which was converted to number of species/nm2. 
 
 The use of the Sauerbrey equation is valid when the measured D∆ -value 
associated with the layer  is ≤  2 x 10-6.76    For some of the steps conducted in the flow 
cells, the measured D∆ -values were below 2 x 10-6, so that the mass added to the 
surface in that step could be computed from the Sauerbrey equation.  However, for steps 
in which solvent was entrained in the layer, dissipation exceeded the limit set for use of 
the Sauerbrey equation.  In these cases, we removed the sensor disc from the flow cell, 
rinsed and dried it, and made QCM measurements in air of the resulting ultrathin, elastic 
layer.   Measurements conducted in air always gave D∆ -values less than 2 x 10-6, so that 
the Sauerbrey equation could be used to compute mass added.   The experimental QCM 
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 results, n
fn∆ and D∆ , are also listed in Table 2.2.  This table can be referred to as the 
results of each step in the multi-step procedure are discussed.  
Table 2.2. Computed residual frequencies, measured residual frequencies, and measured 
residual dissipations for layer added to the surface of the sensor disc in each reaction step 
(* indicates dry measurements). 
Molecule MW, g/mol 
No. 
/nm2 mg /m
2 
Computed
n
fn∆ , Hz 
Measured  
n
fn∆ , Hz, 
(a) 
Measured  
D∆ , 10-6 
(a) 
Acryloxy propyl silane  234 3 1.17  -6.6 -13 ±  9 * 
for 
derivatized 
silica 
N/A 
For gold 
0* 
 Acryloxy propyl silane 234 4 1.56 -8.8 
Acryloxy propyl silane 234 5 1.95 -11 
Acryloxy propyl silane  234 6 2.34 -13.2 
HS-PEG-NH2 2400 3 11.96  -67.6 -45 ±  14 * 
for 
derivatized 
silica 
-36 ±  10 * 
for gold 
0* 
for both 
derivatized 
silica and 
gold 
 
HS-PEG-NH2 2400 1 3.99  -22.5 
HS-PEG-NH2 2400 .5 1.99  -11.2 
HS-PEG-NH2 2400 .1 0.399  -2.25 
Protected cysteine  586 3 2.92  -16.5 0 ±  2  
for 
derivatized 
silica 
-3.6 ±  1.3 
for gold 
0 ±  1 
for 
derivatized 
silica 
1 ±  0.4 
for gold 
Protected cysteine  586 1 0.973  -5.5 
Protected cysteine  586 .5 0.487  -2.75 
Protected cysteine  586 .1 0.0973  -0.55 
Ubiquitin (residues 1-75) 8508 3 42.40  -239 -25 ±  5  
for 
derivatized 
silica 
-37 ±  3 
 for gold 
2 ±  1 
for 
derivatized 
silica 
2 ±  2 
for gold 
Ubiquitin (residues 1-75) 8508 1 14.13  -80 
Ubiquitin (residues 1-75) 8508 .5 7.07  -40 
Ubiquitin (residues 1-75) 8508 .1 1.41  -8 
a: For dry measurements at least five replicates were tested and for flow cell 
measurements at least three replicates were tested. 
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 Derivatization of the silica surface of the sensor disc with acryloxypropylsilane 
was not conducted in QCM due to the elevated temperature required for the reaction.  
Contact angle measurements were made to qualitatively verify derivatization.  The 
contact angle of bare silica was found to be < 10o, consistent with the high energy surface 
typical of underivatized glass.  After derivatization, the contact angle was found to be 
65.1±2.6 o, a much higher value that is consistent with the increased hydrophobicity of a 
surface bearing acryloxypropyl groups.  QCM measurements, made in the dry state, 
yielded an average value for residual frequency of -13 ± 9 Hz (see Table 2.2), which was 
computed to be 5.7 ± 4.3 acryloxy groups/nm2 from the molecular weight.  These acryl-
oxy groups are chemically bonded to the silica surface and are available for subsequent 
chemical reaction.  The gold surface was not subjected to a derivatization step, so there 
are no QCM results for gold that correspond to the derivatization step for silica.   
 
The grafting of HS-PEG-NH2 to acryloxy-derivatized silica surface was done in 
the Schlenk line, not in the QCM since it required elevated temperature.  The grafting 
reaction was the addition of the thiol end group of PEG chains to the carbon-carbon 
double bonds of the acryloxy groups on the surface.  It is a standard Michael reaction. 
The –SH group at the end of PEG chains underwent a Michael addition with the double 
bond of the acryloxy-derivatized silica surface.  The success of grafting of PEG chains 
was verified by means of contact angle measurement, the change from 65.1 ± 2.6o before 
grafting step to 35.4 ± 1.7o after the grafting step.  This increase in hydrophilicity is 
consistent with the change from as acryloxy-derivatized surface to a PEG-surface.  We 
did QCM measurements in the dry state to find the surface attachment density.  The value 
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 of n
fn∆ for the grafted PEG chains was -45 ± 14 Hz (see Table 2.2), which corresponds 
to 2.0 ± 0.6 PEG chains/nm2.    
 
The grafting of PEG to the gold surface occurred spontaneously at room 
temperature, so it was conducted in the QCM.  Figure 2.11 shows QCM response of  
n
fn∆  and D∆  during this step.   There is a nonzero residual frequency after re-injecting 
pure solvent into the flow cell, indicating the permanent attachment of PEG chains to the 
gold surface.  Because of the presence of solvent in the PEG layer, the residual frequency 
for this step cannot be converted to mass from the Sauerbrey equation. Therefore 
measurement of the mass of PEG grafted to gold had to be made in the dry state.  The 
value obtained was -36 ±10 Hz (see Table 2.2), which corresponds to 1.6 ± 0.5 PEG 
chains/nm2.    
 
The average values of the attachment density of PEG chains on both derivatized 
silica surface and on gold surface were statistically the same (double-tailed Student t test, 
0.4 < p < 0.6).  Considering them both to be 2.0 chains/nm2 as a representative value, we 
see that this attachment density corresponds to a lateral radius of 0.40 nm and a cross 
sectional area of 0.50 nm2.  The values for radius and cross-sectional area of a 
nondeformed (randomly coiled) PEG chain in solution are 1.7 nm and 9.1 nm2, 
respectively.  Because these quantities for PEG chains grafted to gold at the measured 
surface attachment density are so much smaller than for the nonderformed PEG chains, 
we can conclude that the PEG chains in the grafted layer are contracted laterally and 
extended vertically away from the grafting surface, in the form of a hydrated brush.  A 
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 hydrated brush was the desired outcome for the effective prevention of nonspecific 
protein adsorption.   
 
Figure 2.11. QCM responses for exposure of gold sensor surface to HS-PEG-NH2 
solution.  Sequence of liquids through flow cell: first, pure toluene; next, toluene solution 
of α-thioalkyl-ω-amino PEG chains; and last, pure toluene. Residual (nonzero) value of 
n
fn∆  upon rinsing with pure DMF indicates that there is a permanent attachment of PEG 
chains to the gold surface. 
 
 
The coupling of protected cysteine to the –NH2 end of grafted PEG brush was 
done at room temperature in the QCM for both derivatized silica surface and gold 
surface.   As example, is shown in Figure 2.12, for the gold solid surface.  Re-injection of 
the pure solvent resulted in a nonzero residual frequency indicating successful attachment 
of protected cysteine.   The residual frequency was small, only -3.6 ± 1.3 Hz (see Table 
2.2), which corresponds to 0.65 ± 0.23 chains/nm2.  The decreased attachment density 
with respect to the attachment density of the PEG chains (1.6 chains/nm2) indicates that a 
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 protected cysteine did not add to each and every PEG chain.  This is explainable by the 
larger lateral size of protected cysteine with respect to the lateral dimension of a grafted 
PEG chain.  Protected cysteine has a lateral dimension of 1.26 nm compared with that of 
0.80 nm (2R) for a grafted PEG chain.  In addition, the relatively low molecular weight 
(see Table 2.2) of protected cysteine also contributed to the low residual frequency.  
.  
 
Figure 2.12. QCM responses for exposure of gold sensor surface to protected cysteine 
and accompanying reagents.  Sequence of liquids through flow cell: first, pure DMF; 
next, solution of Fmoc-cysteine, HBTU and DIPEA in DMF; and last, pure DMF again. 
Residual (nonzero) value of n
fn∆  indicates that protected cysteine coupled permanently 
to the free ends of the PEG chains. 
 
 
The value of n
fn∆  for coupling of protected cysteine to –NH2 end of grafted 
PEG brush on derivatized silica surface was also small.   In fact, it was 0 ± 2 Hz (see 
Table 2.2), random variation in the measurement possible obscuring whatever protected 
cysteine was added.  However, proof that protected cysteine was indeed added came from 
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 a later step, the native chemical ligation of protein to the layer.  If the protected cysteine 
had not been added to the PEG chains, the native chemical ligation of the ubiquitin would 
not have been able to occur. 
 
 The deprotection steps for the attached protected cysteine were conducted in the 
QCM flow cell for both the derivatized-silica surface and the gold surface.  Because the 
molecular weight of both protecting groups is small, the sequential deprotection steps 
gave values for  n
fn∆ that were too small to be definitive.  However, the success of the 
deprotection was verified by the native chemical ligation of protein to the layer. 
 
 Native chemical ligation is the last step of our multistep procedure of protein 
immobilization.  The thioester-modified C-terminus of ubiquitin in solution reacted with 
cysteine residue at the end of the grafted PEG chains on the surface.  Transthioesterifi- 
cation with the thiol group of the deprotected cysteine residue creates a thioester-linked 
intermediate ligation product.  Then the thioester-linked intermediate undergoes 
spontaneous intramolecular nucleophilic rearrangement to form an amide bond at the 
ligation site between protein and surface.  
 
 Before the native chemical ligation step was conducted, we did control tests to 
verify our expectation that ubiquitin would not adsorb to the PEG brush.  Figure 2.13 and 
2.14 show QCM response of  n
fn∆  and D∆  of control tests on the derivatized silica 
surface and on the gold surface, each covered with a grafted PEG brush.  Contrary to our 
expectation, we observed a nonzero residual frequency after re-injecting pure solvent into 
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 the flow cell, indicating a small amount of ubiquitin did adsorb on these control surfaces.  
The residual frequency value for the ubiquitin adsorbed to the grafted PEG brush on the 
silica surface was -17 ± 4.7 Hz, and the residual frequency value for the ubiquitin 
adsorbed to the grafted PEG brush on the gold surface was -21 ± 1.1 Hz.  Clearly, the 
presence of the hydrated PEG layer on the solid surfaces did not completely prevent the 
physical adsorption of ubiquitin. 
 
 
Figure 2.13. QCM responses ( n
fn∆  and D∆ ) for ubiquitin in solution exposed to PEG- 
grafted, derivatized silica surface (control experiment).  Sequence of liquids through flow 
cell: first, pure HEPES buffer; next, a solution of ubiquitin in HEPES buffer; and last, 
pure HEPES buffer again.  Residual (nonzero) value of n
fn∆  upon rinsing with pure 
HEPES buffer indicates that there is physical adsorption of ubiquitin on PEG grafted 
derivatized silica surface. 
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Figure 2.14. QCM responses ( n
fn∆  and D∆ ) for ubiquitin in solution exposed to PEG- 
grafted gold surface (control experiment)Sequence of liquids through flow cell: first, pure 
HEPES buffer; next, a solution of ubiquitin in HEPES buffer; and last, pure HEPES 
buffer again.  Residual (nonzero) value of n
fn∆  upon rinsing with pure HEPES buffer 
indicates that there is physical adsorption of ubiquitin on PEG grafted gold surface. 
 
 
 The native chemical ligation step was conducted in the QCM flow cell for both 
sensor discs of derivatized-silica and gold.  Figure 2.15 shows QCM response of  n
fn∆  
and D∆  during the native chemical ligation step on derivatized-silica surface.  We can 
see that there is a nonzero residual frequency of -25 ± 5 Hz. (see Table 2.2), which 
corresponds to 0.30 ± 0.06 molecules/nm2. After correction for physically adsorbed 
ubiquitin, the residual frequency is -8 ± 1.6 Hz, which corresponds to 0.10 ± 0.02 
ubiquitin/nm2.  Figure 2.16 shows QCM response of  n
fn∆  and D∆  during native 
62 
 
 chemical ligation step on gold surface.  We can see that there is a nonzero residual 
frequency of -37 ± 3 Hz (see Table 2.2), which corresponds to 0.45 ±0.04 molecules/nm2.    
After correction for physically adsorbed ubiquitin, the residual frequency is -16 ± 3.2 Hz, 
which corresponds to an attachment density on gold surface 0.20 ± 0.04 molecules/nm2. 
The true value for the number of ubiquitins per nm2 is most probably between the 
corrected and the uncorrected values.   It is possible that ubiquitins that are being 
chemically ligated to the surface displace adsorbed ubiquitins or that adsorbed ubiquitins 
become chemically ligated under the specific conditions of native chemical ligation.   
 
 
Figure 2.15. QCM responses ( n
fn∆  and D∆ ) showing native chemical ligation step on 
derivatized silica surface.  Sequence of liquids through flow cell: first, pure HEPES 
buffer; next, a solution of ubiquitin in HEPES buffer; and last, pure HEPES buffer again.  
Residual (nonzero) value of n
fn∆  upon rinsing with pure HEPES buffer indicates that 
there is there is a permanent attachment of ubiquitin to the cysteine layer. 
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Figure 2.16. QCM responses ( n
fn∆  and D∆ ) showing native chemical ligation step on 
gold surface.  Sequence of liquids through flow cell: first, pure HEPES buffer; next, a 
solution of ubiquitin in HEPES buffer; and last, pure HEPES buffer again.  Residual 
(nonzero) value of n
fn∆  upon rinsing with pure HEPES buffer indicates that there is 
there is a permanent attachment of ubiquitin to the cysteine layer. 
 
 
 The corrected values for surface attachment density of ubiquitin to either 
derivatized silica (0.10 ± 0.02 ubiquitin/nm2) or to gold (0.20 ± 0.04 ubiquitin/nm2) 
compare well with the predicted value for a monolayer, which is 0.19 ubiquitin/nm2. 
The slightly lower value for attachment density of ubiquitin on derivatized silica 
compared with gold surface is statistically significant (double tailed student t test, 0.02 
<p< 0.03).   At present we have no explanation for this difference.   The difference may 
be due to the relatively small number of samples evaluated, as there was only a small 
amount of ubiquitin to work with. 
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 2.4 Conclusion 
 
We designed a multi-step protein immobilization procedure on the solid surface 
by means of QCM.  In present study, the multi-step procedure was conducted on two 
different solid surfaces, silica and gold, with comparable results.  We successfully 
provided comprehensive quantitative analysis at each step on the solid surfaces that 
cannot be obtained by any other means.  Analysis of each step was performed either in 
the flow cell or under dry conditions.  The QCM gave a frequency change for each step, 
this frequency change was converted to mass added to solid surface, and this mass added 
to surface converted to attachment density.  In addition the QCM provides quantitative 
information to questions about how effective the rinsing steps are, and whether or not 
steps taken to prevent the nonspecific adsorption of protein are effective.  The protein 
molecules attached in the final step of the procedure by means of native chemical ligation 
showed a corrected attachment density for both solid surfaces that was consistent with the 
value predicted for a monolayer.  
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 Chapter 3. Three-Regime Kinetics of Formation of Polymer Brush by Means of the 
Grafting-to Approach 
 
3.1 Introduction 
 
3.1.1 Introduction to polymer brushes 
 
The term polymer brush refers to an assembly of polymer chains that are densely 
tethered by one end to a solid surface. These tethered polymer chains are so crowded that 
they are forced to stretch away from the solid surface to avoid overlapping with each 
other. Polymer chains can be tethered to any inorganic or organic polymeric surface to 
form a brush.   Such surfaces can include flat substrates, porous structures, fibers or 
textiles, and nanoparticles.  Polymer brushes are useful for tuning the physical and 
chemical properties, such as adhesion, lubrication, wettability, friction, and biocompati-
bility, of a surface.77-81 
 
. Polymer brushes are anchored to the surface at one end, either by strong physical 
absorption of a special adsorbing chain segment or by covalent chemical attachment of a 
functional end-group.  Chemical attachment is the preferred choice because the chemical 
bond is durable and cannot be disrupted by the action of solvent or heat.  Chemical 
attachment provides better control of grafting density and yields higher packing density.80   
Since the chemical composition, thickness, grafting density, and architecture of the 
polymer chains can be controlled, polymer brushes are versatile for creating highly 
tailored thin films.79 
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 Polymer brushes can be formed from many different kinds of polymers as shown 
in Figure 3.1.  Homopolymer brushes are the most common.  In these all of the tethered 
chains are the same kind of polymer (Figure 3.1 a).  Mixed homopolymer brushes are 
also common.  In these, two or more types of homopolymers are grafted to the surface at 
the same time (Figure 3.1 b).  Random copolymer brushes, a third type, are composed of 
polymer chains that each consist of two chemically different repeat units randomly 
distributed in the chain (Figure 3.1 c).82   Block copolymer brushes refer to brushes 
composed of chains containing two or more types of repeat units distributed in blocks 
along the chain  (Figure 3.1 d).78   The above types of polymer brushes can be designed to 
have many different features and can be used in many applications.  This chapter is 
focused on the process of formation of homopolymer brushes.  
 
 
Figure 3.1. Types of linear polymer brushes: a) homopolymer brushes, b) mixed 
homopolymer brushes, c) random copolymer brushes, d) block copolymer brushes 
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 3.1.2 Applications of polymer brushes 
 
Polymer brushes have attracted researchers’ attention since the 1950s.83-84    At that 
time, polymer brushes were grafted to colloidal particles to prevent flocculation.  In 
recent years, polymer brushes have been considered as nanoscale building blocks for 
many applications, such as surfactants, adhesion materials, chromatographic devices, 
electronic devices, and so on.78   For example, Munoz-Bonilla et al. introduced a brush 
made of polystyrene and -b-poly[poly(ethylene glycol) methyl ether methacrylate], 
arranged in block form; this brush was amphiphilic and was suitable for use as a surface-
mounted surfactant.85  As another example, Luzinov et al. used two different kinds of 
polymer chains, polyethylene glycol and poly(vinylpyridine), to develop brushes on glass 
slides for prevention of adhesion of bacteria and/or cells to the surface.86   Miller et al. 
synthesized poly(2-hydroxyethyl methacrylate) brushes on the inside of silica capillaries 
to form unique stationary phases for capillary electrochromatography.  These polymer 
brushes were able to allow separation of a wide range of neutral molecules as well as 
compounds with similar electrophoretic mobilities.87   Tam et al. developed a new signal-
responsive interface with switchable/tunable redox properties based on a brush composed 
of  chains of poly(4-vinyl pyridine), a pH-responsive polymer.88 
 
3.1.3 Approaches to polymer brush synthesis 
 
Typically there are two main approaches for synthesizing polymer brushes: 
grafting-to and grafting-from.89-90   The grafting-to approach refers to tethering of pre-
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 formed polymer chains that contain functional groups at one end. Those polymer chains 
diffuse through the solution and covalently attach to the surface, which contains 
complementary functional groups.  Commonly used reactive functional groups include: 
thiols, silanes, amino and carboxylic groups.   Extremely high density brushes are 
impossible to obtain with the grafting-to approach.  This is because, at some point the 
chains already grafted form a diffusion barrier to additional free chains trying to penetrate 
to the underlying surface to become grafted.  
 
The grafting-from approach, also called “surface-initiated polymerization,” is one 
in which the polymer chains are built up, monomer by monomer, from the surface itself.  
First, an initiator is immobilized on the surface.  Monomers diffuse through the solution, 
react with the initiator, and serve as new active sites for propagation of the polymeriza-
tion.  Additional monomers from solution keep adding without difficulty to the reactive 
ends of each growing polymer chain.  Highly dense layers can be achieved by means of 
this approach, as monomers from solution do not have to penetrate the chains already 
attached to the surface to add to the growing chains.  Commonly used polymerization 
techniques for the grafting-from approach are: ring opening metathesis polymerization 
(ROMP), atom transfer radical polymerization (ATRP), and reversible addition 
fragmentation chain transfer polymerization (RAFT).91 
 
Early experimental studies focused on the characteristics and behavior of the fully 
formed polymer brush rather than on the process of formation of polymer brush.92-95   
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 This chapter will focus on the process of formation of polymer brushes by means of the 
grafting-to approach. 
 
3.1.4 Process of polymer brush formation 
 
3.1.4.1Previous theory 
 
The kinetics of tethering by means of the grafting-to approach was studied 
theoretically by Leibler et al in 1990.96    They predicted that the tethering process in good 
solvent would exhibit two regimes. The first regime was the fast tethering (short time). 
Brownian diffusion of free chains in the solution to the bare surface determined the rate 
of this fast tethering process.  The second regime was slow tethering (long time). 
Diffusion of free chains through the already tethered layer to reach high surface density 
determined the rate of this slow tethering process.  According to Leibler’s theory, the first 
regime was the formation of a mushroom layer, which is a layer in which the tethered 
polymer chains have the same dimensions as they would have in solution (spherical).  In 
the mushroom layer, the chains can pack as spherical or hemispherical shapes without 
overlap.  In the second regime, chains experience difficulty in penetrating the mushroom 
layer, so they add much more slowly.  As more and more chains area added, they all 
stretch away from the surface to avoid overlap.  According to Leibler, this transition from 
mushroom to brush is a linear one in time, i.e., all of the chains in the layer stretch in a 
spatially uniform manner until the final surface attachment density is reached.   
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 3.1.4.2 Previous experimental observations 
 
Subsequent to theoretical treatment, the tethering process of monodisperse 
polymers was observed experimentally by Penn et al.97-99    In their studies, the polymer 
chains were amine-ended polystyrene or amine-ended polyethylene glycol, the solvent 
was toluene, and the solid surface was epoxide-derivatized glass beads.  They used a 
solution depletion method, in which the disappearance of free chains from solution is 
quantitatively monitored as a function of time.  Instead of two-regime kinetics, as 
predicted by Leibler, the experiments displayed three-regime kinetics.  
 
The three regimes observed experimentally are as follows.  The first regime 
displays rapid grafting to the bare surface of free chains from solution to form a 
mushroom layer, which is a surface covered by a single layer of grafted chains that are 
not distorted from their time-averaged spherical shapes displayed as free chains in 
solution.  Once this layer is complete, it constitutes an energy barrier to further grafting.  
The second regime is a fairly long latent period, when no apparent grafting is observed.  
This is due to the energy barrier associated with the mushroom layer formed in the first 
regime.  The third regime is a slow transition process that begins with resumption of 
grafting and ends in a saturated brush. This three-regime kinetics of polymer brush 
formation has been observed for several different molecular architectures, molecular 
weights, solvents, and temperatures.  Figure 3.2 shows the three-regimes exhibited for 
grafting of amine-ended monodisperse polymers to epoxide-derivatized silica. The top 
graph is amine-ended polyethylene glycol, the middle graph is 4-arm amine-ended 
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 polyethylene glycol, and the bottom graph is amine-ended polystyrene.  At the beginning, 
surface attachment density immediately increased, which indicates that free chains in 
solution were rapidly tethered to the bare surface to form the mushroom layer.  Then, 
surface attachment density remained unchanged (latent period) for a long period of time, 
showing little to no grafting.  At last, tethering resumed and attachment density began to 
increase.  Tethering accelerated until saturation, i.e. the spontaneous cessation of 
tethering, which indicates that the polymer brush formation was complete. Figure 3.2 also 
shows the surface attachment density of the polymer brush layer is about twice the 
polymer mushroom layer. 
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Figure 3.2. Plot of surface attachment density versus time for the grafting of amine-ended 
monodisperse polymers epoxide-derivatized silica versus log time, top graph displayed 
NH2-PEOMn= 10,000 g/mol, middle graph displayed 4 arm NH2-PEOMn=10,000 g/mol, 
bottom graph displayed NH2-PS Mn= 15,000 g/mol.  Grafting was conducted in toluene 
at 25oC.  Filled squares and open circles represent data taken from simultaneous, twin 
reactions.  X-axis shows 0-60 min in linear time before the axis break and log time 
thereafter. [Plot adapted with permission from Ref 96] 
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 3.1.5 Explanation of three-regime kinetics 
 
The formation of the mushroom layer (first regime) can be explained by the 
physics of random deposition.  As the schematic in Figure 3.3 shows, polymer chains 
from the solution are grafted at random locations on the surface.  Deposition continues 
until spaces between undeformed polymer chains are too small to accommodate any 
additional undeformed chains – this completes the mushroom layer.  The completed 
mushroom layer creates an energy barrier to further grafting because there is no room 
between these undeformed, grafted chains for additional undeformed chains.  The second 
regime is the time period during which the energy barrier is not surmounted by free 
chains from solution and during which no perceptible grafting takes place.  Finally, with 
ongoing thermal fluctuations, individual grafted chains deviate enough from their 
mushroom conformations to allow penetration of the mushroom layer here and there by 
additional free chains from solution.   When this happens, the third regime starts.  Newly 
grafted chains and already-grafted chains surrounding them form a crowded cluster 
whose chains must stretch vertically away from grafting surface to avoid mutual overlap. 
This vertical extension results in lateral contraction of the chains in the cluster, exposing 
a ring of new bare surface at periphery of the cluster. The more clusters that develop, the 
more and more bare surface is exposed, reminiscent of an autocatalytic process.   The 
brush layer is completed when the grafting process stops spontaneously (saturation). 
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Figure 3.3. Schematic drawing of the three-regime process of brush construction. 
 
 
3.1.6 The benefits of the three-regime kinetics 
 
The existence of three regimes (fast, slow, fast) allows for the interruption of 
grafting at a specific point in the process. During the latent period (the second regime), 
the solution of free chains that formed the mushroom layer can be drawn off, and a 
solution of a different functional-ended polymer can be introduced.98This allows the 
construction of mixed tethered layers, which can yield complicated functional surfaces.  
 
3.1.7 Hypothesis 
 
 Penn et al. have observed three-regime kinetics of polymer brush formation for 
several different molecular architectures, molecular weights, and polymer chemistries.  
The three-regime kinetics profile was observed also in various solvents and at different 
temperatures.97-99   These observations, all made on derivatized silica as the grafting 
surface, lead to the hypothesis that three-regime kinetics is the general behavior for the 
grafting-to approach to any solid surface. 
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 3.1.8 Approach 
 
To test the hypothesis that three-regime kinetics is the general behavior for the 
grafting-to approach to any solid surface, we conducted grafting experiments on gold, a 
surface that is very different from derivatized silica.  The grafting of monodispersethiol-
ended polystyrene (HS-PS) to the surfaces of the gold sensor discs was monitored by 
means of the quartz crystal microbalance (QCM).  The advantage of the QCM technique 
over the solution depletion method is that the QCM provides a direct measurement of 
deposition in real time on the surface, while solution depletion method is indirect.  
Different molecular weights of polystyrene were grafted on the surfaces of the gold 
sensor discs at various concentrations and temperatures. 
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 3.2 Experimental 
 
3.2.1 Materials 
 
Monodisperse polystyrene (5300 g/mol, PDI = 1.10; 50,000 g/mol, PDI = 1.06) 
was obtained from Polymer Source Inc., Dorval (Montreal), Quebec, Canada.  Ethyl 
alcohol 200 proof-absolute, anhydrous was obtained from Pharmco-Aaper, Brookfield, 
CT.  The ultra pure deionized water used throughout the experiments was obtained from 
a purification system (MILLI-Q).  Toluene (Chromasolv for HPLC), 99.9% was obtained 
from Sigma-Aldrich, St. Louis, MO. QSX 301-Au, gold 50 nm was obtained from Q-
sense, Biolin Scientific, Linthicum Heights, MD 
 
3.2.2 Instrumentation 
 
Quartz crystal microbalance with dissipation monitoring, model E4 QCM-D from 
Q-sense Inc, Gothenburg, Sweden was used.  The gold surfaces used were vapor-
deposited on QCM sensor discs, which are AT-cut piezoelectric quartz discs each having 
a diameter of 14 mm, a thickness of 0.3 mm, and a resonant frequency of 4.95 MHz and a 
total sensing area of 154 x 1012 nm2. 
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 3.2.3 Procedures 
 
Quartz crystal microbalance   The peristaltic pump drew solvents and solutions 
through the flow cells at a rate of 88 µL/min.  All experiments conducted in flow cells 
were run at 22.5 oC.   Prior to use in the flow cells, all liquids were sonicated to remove 
bubbles.  For each experiment, 
 n
fn∆   for three vibrational modes (n = 3, 5, and 7) were 
monitored continuously.   
 
Cleaning of sensor discs   A Teflon holder containing 5 gold quartz sensor discs 
was submerged in piranha solution for 30 min.  The discs were then washed three times 
with distilled, de-ionized water and then three times with pure ethanol.  This rinse 
procedure was repeated until the rinse water was neutral.   The sensor discs were then 
dried under vacuum. All cleaned discs were then exposed to UV-ozone (Procleaner, 
BioforceNanosciences) treatment for 40-60 min to remove any organic matter from the 
surface. 
 
Grafting of polystyrene to gold surface   Bare and clean gold sensor discs were 
placed in the flow cells of QCM, and a stable baseline was established with distilled 
toluene.  Then a solution containing HS-PS in 20 mL of toluene was sonicated to remove 
air bubbles first and then circulated through the flow cells for 22 h at 10 oC to allow the 
grafting of PS chains grafted to the gold surface.  After this, distilled toluene was re-
introduced to the flow cell for 1-2 h to rinse away any non-chemically bonded species. 
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 3.3 Results and discussion 
 
The process of grafting monodisperse thiol-ended polystyrene (HS-PS) to the 
surface of the gold sensor disc was monitored by mean of the quartz crystal microbalance 
(QCM).  Although, previous experimental observations of three-regime kinetics on 
derivatized silica led us to expect three-regime kinetics for the construction of brushes on 
gold, initial experiments did not show any indication of three-regime kinetics.  These 
experiments showed only a single regime, which was the rapid formation of a brush 
layer.  Figure 3.4 shows typical results for a grafting-to experiment conducted at room 
temperature and 1 mM polymer solution.  We reasoned that, for this system, the ambient 
temperature and the concentration used were high enough to allow the chains in solution 
to overcome the energy barrier presented by already-grafted chains and to compress three 
regimes into one with respect to time.  Temperature and concentration probably affect 
how readily the energy barrier presented by the mushroom layer can be surmounted by 
free chains.  Therefore, we decided to conduct the grafting of thiol-ended polystyrene to 
gold at lower temperatures and lower concentrations.  
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Figure 3.4. Plot of n
fn∆ (n = 3, 5, 7) vs. time for exposure of the surface of gold sensor 
disc to a 1mM solution of thiol-ended polystyrene (HS-PS, Mn = 50000 g/mol) in toluene 
at room temperature. It established baseline in toluene, and then exposure to 1mM 
polymer solution until it levels off, and then rinse with toluene again. There is no 
indication of three-regime kinetics. 
 
 
The grafting process was conducted for two molecular weights of thiol-ended 
polystyrene under three different conditions: 1) Mn= 5300 g/mol at 0.01 mM and 10 oC, 
2)  Mn= 5300 g/mol at 0.005 mM and 10 oC, 3) Mn= 50,000 g/mol at 0.01 mM and 10 oC.   
The solution concentrations as well as the temperatures were all much lower than those 
used for the experimental results shown in Figure 3.4.  At lower concentrations and 
temperatures, three-regime kinetics was in evidence in all three experiments.  The results 
are shown in Figure 3.5, 3.6 and 3.7.  The first regime is the formation of the mushroom 
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 layer, which takes5 mins. The second regime is the latent period of no grafting, which 
lasts about three hours.  The third regime is the resumption of grafting to complete the 
brush, which lasts about 17 hours. When the brush is completely formed, the frequency, 
n
fn∆
, 
no longer changes and saturation has been reached.  
 
 
Figure 3.5. Plot of n
fn∆ (n = 3, 5, 7) vs. log scale time for exposure of the surface of gold 
sensor disc to a 0.01mMsolution of thiol-ended polystyrene (HS-PS, Mn = 5300 g/mol) in 
toluene at 10 oC. Baseline was established in toluene, and then the surface of gold sensor 
disc was exposed to 0.01 mM polymer solution for nearly 20 h, and was rinsed with 
toluene again. Different regimes of kinetics are clearly visible. The first regime is 
mushroom layer formation, and the second regime is a latent period of no grafting, and 
the third regime is resumption and acceleration of grafting until a brush is formed. The 
small changes in n
fn∆  at 20 h reflect the change from polymer solution to pure toluene. 
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Figure 3.6. Plot of n
fn∆ (n = 3, 5, 7) vs. log scale time for exposure of the surface of 
gold sensor disc to a 0.005mM solution of thiol-ended polystyrene (HS-PS, Mn = 5300 
g/mol) in toluene at 10 oC.  Baseline was established in toluene, and then the surface of 
the gold sensor disc was exposed to 0.005mM polystyrene solution nearly 20 h, and was 
rinsed with toluene again. Different regimes of kinetics are clearly visible. The first 
regime is mushroom layer formation, and the second regime is a latent period of no 
grafting, and the third regime is resumption and acceleration of grafting until a brush is 
formed. 
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Figure 3.7. Plot of n
fn∆ (n = 3, 5, 7) vs. log scale time for exposure of the surface of 
gold sensor disc to a 0.0005mMsolution of thiol-ended polystyrene (HS-PS, Mn= 50000 
g/mol) in toluene at 10 oC. Baseline was established in toluene, and then the surface of 
the gold sensor disc was exposed to 0.0005 mM polystyrene solution nearly 20 h, and 
was rinsed with toluene again. Different regimes of kinetics are clearly visible. The first 
regime is mushroom layer formation, and the second regime is a latent period of no 
grafting, and the third regime is resumption and acceleration of grafting until a brush is 
formed. 
 
 
The data for the transitionfrom mushroom layer to brush layer in bottom graph of 
Figure 3.2 was fitted to a classical autocatalysis mathematical model.  This classical 
model of autocatalysis would provide additional confirmation that the third regime is an 
auto catalytic process, as presented earlier. The reaction is shown below: 
     A + B → 2B. 
In the present case, "A" represents a free chain, and "B" represents a chain grafted 
to the surface.   In this model of autocatalysis, the time-dependence of the concentration 
of B (grafted chains) is given by, 
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 We attempted to fit the data from Figure 3.2 to this functional form, allowing A0, 
B0 and the rate constant, k, to be fitting parameters.  The results of the analysis give 0B  = 
0.0091 chains/nm2, which closely matches the experimental value of 0.011 chains/nm2 in 
the mushroom layer, at the value at the beginning of the mushroom-to-brush transition.   
At t =∞  the value for B is ∞B = 0.028 chains/nm
2, which duplicates exactly the 
experimental value for grafted chain density at the end of the transition process, i.e., at 
saturation.   The rate constant, k = 0.16 nm2/(chains∙min), is indicative with a slow 
process (data used was for grafting to silica, not gold) that adds about one chain to every 
six nm2 of surface per minute, also in agreement with experiment.  Finally, we found 0A  
= 0.019 chains/nm2, which represents the number of free chains at the beginning of the 
process (t = 0) that became grafted during the transition from mushroom layer to 
saturated brush.   Thus, by the law of conservation of matter in a chemical process, the 
sum of 0A  and 0B  must equal ∞B , and it does.  These quantities are quite robust and 
vary by 15% or less when the fitting is carried out with selected subsets of the data, such 
as omitting the data for t< 60 min or t> 1800 min.  As shown in Figure 3.8, the good fit of 
the data to the classical mathematical model of an autocatalytic process serves as 
additional confirmation of our explanation of the mushroom-to-brush transition.  
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Figure 3.8. Experimental data from bottom graph of Figure 3.2 fitted to classical model 
of autocatalysis. 
 
 
 The QCM allowed computation of the surface attachment densities of the 
completed brushes in the experiments just described by means of an equation that 
combines the Sauerbrey equation with Avogadro’s number and the molecular weight of 
the monodisperse polymer composing each brush: 
 
where C is the mass sensitivity constant, - 17.7 ng x cm-2 x Hz-1of the QCM instrument; 
NA is Avogadro's number, 6.02214×1023; Mn is the number average molecular weight of 
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 the polymer; n
fn∆ is the change in frequency of the nth vibration mode; and n is 
vibrational mode, in this case 7. 
 
We varied the concentration of HS-PS in solution to find the relationship between 
solution concentration and attachment density for the completed polymer brush.  Table 
3.1 and Table 3.2 show the frequency changes and corresponding attachment densities at 
different concentrations of polymer solution.  For a given molecular weight of 
polystyrene at a given temperature, the surface attachment density decreases with 
solution concentration.  In sum, the surface attachment density of the polymer brush is 
proportional to the concentration of polymer solution. In addition, comparison of Table 
3.1 with Table 3.2 shows that a polymer of higher molecular weight forms a brush of 
lower surface attachment density.   
 
Table 3.1. Solution concentration, residual frequency, and final surface attachment 
density of polystyrene brushes (Mn = 5300 g/mol) 
a Average ± 1.0 Std. Dev.  
 
Polymer Mn (g/mol) 
Temperature 
(oC) 
Concentration 
(mM) n
f n∆ (Hz)a 
Surface 
attachment 
density 
(chains/nm2)a 
Polystyrene 5300 10 0.5 -57.8 ± 3.46 1.16 ± 0.07 
Polystyrene 5300 10 0.3 -52.1 ± 0.353 1.05 ± 0.007 
Polystyrene 5300 10 0.05 -34.7 ± 1.41 0.698 ± 0.03 
Polystyrene 5300 10 0.01 -33.5 ± 4.03 0.672 ± 0.08 
Polystyrene 5300 10 0.005 -22.6 ± 2.12 0.454 ± 0.04 
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 Table 3.2. Solution concentration, residual frequency, and final surface attachment 
density of polystyrene brushes (Mn=50,000 g/mol) 
Polymer Mn (g/mol) 
Temperature 
(oC) 
Concentration 
(mM) n
f n∆
,
 (Hz)a 
Surface 
attachment 
density 
(chains/nm2)a 
Polystyrene 50000 10 0.1 -44.6 ± 0.707 0.095 ± 0.002 
Polystyrene 50000 10 0.05 -40.9 ± 3.96 0.087 ± 0.008 
Polystyrene 50000 10 0.01 -38.2 ± 0.282 0.081 ± 0.0006 
Polystyrene 50000 10 0.005 -26.3 ± 2.62 0.056 ± 0.005 
Polystyrene 50000 10 0.001 -22.5 ± 3.39 0.048 ± 0.007 
Polystyrene 50000 10 0.0005 -20.9 ± 2.33 0.044 ± 0.005 
a Average ± 1.0 Std. Dev.  
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 3.4 Conclusion 
 
Three-regime kinetics had been observed previously by means of a solution 
depletion method on derivatized silica surfaces. Our current grafting experiments of thiol-
ended polystyrene to gold surface show that this three-regime kinetics profile is general 
for the grafting-to approach of polymer brushes on diverse surfaces. This is expected, as 
the explanation for the process is based on physical principles and is not dependent on the 
nature of the surface.  We have also demonstrated that the transition from mushroom 
layer to brush layer follows an autocatalysic process consistent with our physical 
explanation of the transition process. We have studied the effect of a number of variables 
on the grafting-to process, including grafting temperature, polymer solution 
concentration, and polymer molecular weight. Elevation of temperature and polymer 
solution concentration can cause compression of the grafting process in time, so that the 
three regimes collapse into one. We also found that the surface attachment density is 
directly proportional to the solution concentration and inversely proportional to the 
polymer molecular weight.  
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 Chapter 4. Bisphenol A Sensor System Based on Molecularly Imprinted Polymer, 
Nanoparticles, and the Quartz Crystal Microbalance 
 
4.1 Introduction 
 
4.1.1 Introduction of BPA 
 
Bisphenol A (2,2-bis(4-hydroxyphenyl)propane, BPA) is a commonly used 
plasticizer, with the structure as shown in Figure 4.1.  Due to its versatility and utility, 
BPA is one of the highest volume chemicals produced globally, with over six billion 
pounds generated annually.100    BPA is mainly used in the production of polycarbonate 
plastics and epoxy resins.100-101    These materials are found in many products used in 
daily life, such as plastic bottles, food packaging, children’s toys, medical equipment, eye 
glass lenses, and the lining of metal food cans.101 
 
 
CH3
CH3
HO OH
 
Figure 4.1. Chemical structure of Bisphenol A 
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 4.1.2 Exposure problem of BPA 
 
The exposure of humans to BPA occurs through many different sources, such as 
environmental water and food supplies.  Kang et al. reported that BPA can be found in 
wastewater from factories that produce it because it is not completely removed during 
wastewater treatment.  Wastewater that contains BPA can be a source of contamination 
for aquatic animals.   Therefore, consumption of BPA-contaminated seafood or 
freshwater fish can be a primary source of exposure for humans.100-101 
 
4.1.3 Health issue by BPA 
 
The recent studies showed that BPA has been detected in human urine, placental 
tissue and blood, and thus concerns about the associations between BPA exposure level 
and human health issues have arisen.101   BPA itself is not a hormone, but it does exhibit 
hormone-like properties that can affect cellular systems.102  Recent findings showed that 
BPA can mimic hormones and disrupt interactions between different types of cells, even 
at low doses.  This disruption adversely affects normal hormone levels, inhibiting or 
stimulating the metabolism of hormones.  Over the long term, BPA may impact human 
body weight and metabolic diseases.  Recent studies have suggested that BPA may make 
some contribution to obesity and type-II diabetes in children.102   Moreover, BPA levels in 
blood have been associated with a variety of human health conditions including 
cardiovascular disease and liver-enzyme abnormalities, especially in women.103-104  
Therefore, interest in monitoring BPA levels in environmental water has escalated.  
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 4.1.4 Traditional Methods of detecting of BPA 
 
The direct detection of BPA in natural waters and water supplies has proven to be 
challenging in practical situations because of the low solubility of BPA in aqueous media, 
which is only 120-300 mg/L (25 °C).105-106   Conventional methods for the determination 
of BPA in environmental samples include high-performance liquid chromatography 
(HPLC), liquid chromatography (LC), and gas chromatography (GC) coupled with mass 
spectrometry.106-107   However, sometimes the BPA concentration is lower than the lower 
limits of detection of these analytical instruments.  While a step-wise procedure of 
extraction of BPA from water with organic solvents, followed by evaporation of the 
organic solvent to concentrate the BPA, can be done, it is not practical because it is not 
environmentally friendly.  For these reasons, new sensitive and selective methods for 
direct detection of BPA are needed. 
 
4.1.5 Introduction to molecularly imprinted polymers (MIPs) 
 
There is one approach that can solve the problem of low solubility of BPA in 
aqueous media.  It is the use of molecularly imprinted polymers (MIPs), which can trap 
the BPA and simultaneously concentrate it to a level that can be detected readily.  The 
MIP not only has a high degree of molecular recognition but also is relatively easy to 
prepare.108 
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 The concept of the molecularly imprinted polymers was first introduced by 
Polyakov et.al in early 1930s.109   However, MIPs have not been widely used until 
recently.  The MIP is a crosslinked network as shown in Figure 4.2.  The MIP is created 
in the presence of the target molecule, which serves as a template for producing 
specialized cavities.  A monomer having complementary functionality to that of the target 
molecule is crosslinked into a permanent network around the template molecule.  This 
creates cavities in the crosslinked network that are sterically and chemically complement-
tary to the target molecule.  The template molecules are removed from the MIP by means 
of washing under different conditions than those used for the formation of the MIP.  The 
result is a template-free MIP, ready to trap target molecules from a passing solution.  
Because of the matching geometry and complementary functionality, these cavities have 
a high affinity for the target molecules. When a solution of target molecule is exposed to 
the MIP, the target molecules diffuse into the MIP and remain there rather than diffusing 
back out.109 
 
Figure 4.2.Schematic diagram of the formation of MIPs. Taken from 109 
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 The selection of appropriate monomer is a crucial step in the molecular imprinting 
process, because it not only determines the chemical stability of the complex formed 
before and during the polymerization process, but it also determines the ability of the 
MIPs to interact with the target molecule. It should contain functional groups that can 
form a complex with the template by either covalent or non-covalent interactions.  
Commonly-used monomers include: methacrylic acid (MMA), acrylic acid (AA), 
acrylamide, 2- or 4-vinylpyridine (2- or 4-VP), 3-aminopropyltriethoxysilane (APTES), 
3-isocyanatopropyltriethoxysilane (IPTS), and 3-methylacryloxypropyltrimethoxysilane 
(3-MPTS).110 
 
The roles of the crosslinker, solvent and molar ratio between template and 
monomer are also quite important in the preparation of the MIP.  The purpose of the 
crosslinker is to lock the functional groups of the monomer in place spatially, to form a 
highly crosslinked rigid polymer, and to control the porosity of the polymer.  Commonly 
used crosslinkers are ethylene glycol dimethacrylate (EGDMA), trimethylolpropane- 
trimethacrylate (TRIM) and tetraethoxysilane (TEOS).  The solvent influences the 
bonding strength between functional monomers and templates, and also influences the  
properties and morphology of polymer. Toluene, ethanol and acetonitrile are typical 
solvents.  Molar ratios between template and monomer in the synthesis process affect the 
affinity and selectivity of MIPs.  If the ratio is too low, there are too few binding sites in 
the MIP; if the ratio is too high, non-functionalized cavities are created and the non-
specific binding capacity becomes higher, which decreases the selectivity.  
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 4.1.5.1 Three approaches to synthesize MIPs 
 
MIPs can be synthesized by following three different imprinting approaches: the 
covalent, non-covalent, and the semi-covalent.109  In the 1970s, Wulff et al. introduced a 
covalent bonding approach for building a MIP system.109   In the covalent approach, the 
formation of a covalent bond between the template molecule and the functional monomer 
is accomplished prior to crosslinking.  Unfortunately, the trapped target molecule can 
only be removed under very severe conditions, possibly damaging to the MIP itself.  
Additionally, the number of templates suitable for covalent imprinting is very limited.  
 
In 1990s Whitecombe et al. introduced a semi-covalent approach to building a 
MIP system.111   In this approach, the initial interaction between the functional monomer 
used to form the crosslinked network and the target molecule used as the template is a 
covalent bond that can be hydrolyzed under special conditions.   After crosslinking of the 
monomer with the template inside, the template is removed by means of hydrolysis, 
leaving behind a MIP that can rebind the target molecule by means of secondary (non-
covalent) interactions only.  The process in this approach is often complicated, and 
sometimes a spacer group must be used when the template is covalently bonded to the 
monomer, so that the cavities are not a perfect steric match to the template molecules.   
This method can be applied only to very specific target molecules and crosslinkable 
monomers. 
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 In the 1990s Mosbach et al. introduced a non-covalent bonding approach for 
building a MIP system.112   In the non-covalent approach, the interaction between the 
template molecule and the functional monomer is non-covalent and is allowed to form 
prior to crosslinking.  The non-covalent interactions can include hydrogen bonding, ionic 
interactions, and van der Waals interactions.  After removal of the template, the 
functionalized crosslinked matrix can then rebind the target molecule.  The reversibility 
inherent in this approach opened the field of MIPs to widespread study.   There are many 
target molecules suitable to the non-covalent approach, and this approach has become the 
most popular and widely used strategy for the synthesis of MIPs.  The non-covalent 
approach has been applied to prepare the MIPs in this chapter. 
 
 The common feature of all three approaches is the selection of a crosslinkable 
monomer that can interact in some way with the target molecule. 
 
4.1.5.2 Two synthesis methods for MIPs 
 
Synthesis methods for MIPs include free radical polymerization (organic) and sol-
gel process (inorganic).109-110   Zhang et al. used a free radical polymerization to 
synthesize  a MIP that was used to extract chloramphenicol from shrimp extracts.113   Hu 
et al. used a free radical polymerization to synthesize a MIP that was used to extract 
tebuconazole from different biological and environmental samples.114   Many MIPs are 
made by means of free radical polymerization from common organic monomers.  
However, the applications of organic MIPs are limited by their lower durability to harsh 
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 environments and lower affinity to aqueous media.  Therefore, it is important to develop 
inorganic MIPs that can be used in both aqueous media and harsh environments.  In 
present work, the sol-gel process was applied to the synthesis of a MIP, as will be 
discussed in this chapter. 
 
Recently, inorganic MIPs that can be used in aqueous solutions and that are 
synthesized by means of the sol-gel process have been extensively studied.115-119   The 
sol-gel process involves the hydrolysis of the oxygen-alkyl bonds in tetra-alkoxysilane 
under acid or alkali conditions to form tetra-hydroxy silane, i.e., a silicon atoms 
surrounded by four –OH groups.  The condensation of these –OH groups results in 
silicon atoms connected by oxygen bridges (-Si-O-Si-).   As the processes of hydrolysis 
and condensation progress, a sol is formed, which then develops into a gel.   In a sol a 
two dimensional network is formed, whereas in a gel the network has been extended to  
three dimensions.   During the process, the viscosity of the mixture increases gradually as 
the degree of crosslinking increases.  The physical form (e.g., whether it is a particle or a 
film, whether it is porous or nonporous) can be controlled with pH, temperature, heating 
time, stirring rate, and solvent.  The final, solid gel should have high purity, homogeneity 
and controlled porosity.  It can be highly selective when interacting with target 
molecules.120   Chang et al. used this method to prepare a MIP in the form of silica 
spheres to trap estrone.121   He et al. developed a selective imprinted amino-
functionalized silica gel to trap sulfonamides in pork or chicken muscle samples.122 
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  Recently, the MIPs made by the sol-gel process have been used in chemical 
sensor applications.  Dickert et al. coated the sensor disc of the quartz crystal 
microbalance with a layer of MIP made by the sol-gel process.123  This was used to 
monitor capric acid, which is a component in degraded engine oil.  Walker et al. used the 
sol-gel process to design a MIP in the form of a stand-alone film for spectroscopically 
detecting 2,4,6-trinitrotoluene (TNT) in the gas-phase.66 
 
However, in all of the previous work, mass transport was a chief problem for both 
organic and inorganic MIP.  For effective functioning, the whole volume of the MIP 
needs to be accessible to the fluid containing the target molecule.  If the surface-to-
volume ratio of the MIP is low, the specialized cavities in the interior of the MIP will not 
be accessible, leaving only a thin layer at the surface that actually traps target 
molecules.124-125  In order to increase the percentage of accessible volume, some 
researchers prepared MIPs in the form of nanoparticles or in the form of ultrathin 
coatings on nanoparticles.126-129  Nanoparticles have small dimensions with high surface-
to-volume ratios, and therefore contain recognition sites that are more accessible.  Ye et 
al.128 designed molecularly imprinted nanoparticles that were encapsulated within 
poly(ethylene terephthalate) nanofibers to produce a new type of molecular material for 
recognition of 17β-estradiol.  Hu et al. prepared a solid-phase extraction cartridge filled 
with MIP nanoparticles to extract the BPA molecules from chemical cleansing and 
cosmetics samples.130 
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 4.1.6 Approach 
 
In the work described in this dissertation, inorganic MIP-coated nanoparticles 
were made part of a sensor system for trapping BPA from aqueous media.  First, silicate 
nanoparticles were synthesized by means of the Stöber process.131  Separately the 
template molecule, BPA, was reacted with a selected monomer, 3-aminopropyltrimeth-
oxysilane (APMS), to form a hydrogen-bonded complex.130,132   This complex was then 
mixed with the silica nanoparticles and tetraethoxysilane (TEOS), a network-forming 
inorganic monomer, in a reactor under high speed stirring.  A condensation reaction 
crosslinked the TEOS and reactively included the template complex in the crosslinked 
network to form a MIP.  During crosslinking, the BPA-laden MIP was deposited in the 
form of an even layer on the surface of each nanoparticle.  Figure 4.3 shows the 
formation of BPA-laden MIP nanoparticles that contain BPA as template.   
 
In the next step, shown in Figure 4.4, a slurry of BPA-laden MIP nanoparticles 
was deposited onto the flat, silica surface of a QCM sensor disc.  Additional 
tetraethoxysilane was added to the slurry to serve as a reactive adhesive, covalently 
bonding the BPA-laden MIP nanoparticles to the surface of the sensor disc.  The sensor 
disc was then rinsed thoroughly to remove any non-covalently bonded nanoparticles.  
The last step of the procedure involved the extraction of the template molecule from the 
MIP, leaving the MIP ready for use (Figure 4.5) 
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 The size and shape of the nanoparticles, both bare and coated with MIP, were 
evaluated by means of scanning and transmission electron microscopies.  UV-vis was 
used to find the concentration of saturated BPA solutions.  Infrared spectroscopy was 
used to confirm the presence and removal of BPA from the newly prepared MIP.  The 
quartz crystal microbalance was used for real-time monitoring of the uptake of BPA by 
the MIP.  The trapping of molecules structurally similar to BPA was also investigated.  
Finally, successive trapping and extraction procedures were conducted to assess the re-
usability of the MIP.   
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Figure 4.3. Formation of MIP. BPA serves as template molecule, which is held together 
by hydrogen bonding with amine groups in APMS to form a complex. Then more TEOS 
is added to form the crosslinked network (MIP) around the BPA-complex. 
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Figure 4.4. Schematic diagram of formation of MIP-coated nanopoarticles mounted on 
sensor disc. The surface of the sensor disc was derivatized with TEOS, which served as 
adhesive for the MIP-coated nanopoarticles. 
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Figure 4.5. Schematic diagram of extraction and trapping BPA from the MIP-coated 
nanoparticles mounted on sensor disc.   BPA was extracted from the sensor disc with 
flowing 1.0 M HCl.  The sensor disc with MIP-coated nanoparticles could then be used to 
bind more BPA from aqueous medium.  
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 4.2 Experimental 
 
4.2.1 Materials 
 
Ethyl alcohol 200 proof-absolute, anhydrous was obtained from Pharmco-Aaper, 
Brookfield, CT. 3-Aminopropyltrimethoxysilane (APMS) and tetraethoxysilane (TEOS) 
were obtained from Gelest Inc., Morrisville, PA.  Bisphenol A (BPA), 4-tert-butylphenol 
(t-BuP), 4,4’-bisphenol (BP), and hydrochloric acid (reagent grade, 37%), were obtained 
from Sigma Aldrich Co., St. Louis, MO.  Ammonium hydroxide and glacial acetic acid 
were obtained from Fisher Scientific, Hanover Park, IL.  The ultra pure deionized water 
used throughout the experiments was obtained from a MILLI-Q purification system 
(QSX 303-SiO2), sensor discs bearing 50-nm-thick coatings of amorphous silica on the 
top surfaces were obtained from Q-sense, Biolin Scientific, Linthicum Heights, MD. 
 
4.2.2 Instrumentations 
 
A quartz crystal microbalance with dissipation monitoring, model E4 QCM-D 
from Q-sense Inc, Gothenburg, Sweden was used. The sensing element of this instrument 
is an AT-cut piezoelectric quartz disc with a diameter of 14 mm, a thickness of 0.3 mm, 
and a resonant frequency of 4.95 MHz.  UV spectra were recorded with a UV/VIS 
Lambda 2S from Perkin Elmer, Shelton, CT.  FT-IR spectra were recorded with a FT-IR 
spectrometer with a spectral range of 4000-650 cm-1from Perkin Elmer, Shelton, CT. 
SEM images were obtained by SupraTM50 VP from Carl Zeiss Microscopy, LLC, 
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 Thornwood, NY.  Transmission electron microscopy (TEM) was performed on a JEOL 
2100 with an accelerating voltage of 200 kV. TEM specimens were prepared by drop 
casting 1 wt % solutions (ethanol) on carbon-coated copper grid. Diameters of MIP-
coated and bare nanoparticles were evaluated from TEM images by means of ImageJ 
processing software. 
 
4.2.3 Procedures 
 
Preparation of nanoparticles by the Stober process   Ammonium hydroxide (8.2 
mL) and DI water (1.2 mL) were first placed into ethanol (70 mL), to which TEOS (2.9 
mL, 13 mmol) was added. The mixture was then stirred and heated at 50oC for 6 h, which 
produced uniform silica nanoparticles suspended in the ethanol.  Half of the suspension 
was reserved for the preparation of MIP-coated nanoparticles, described below.  The 
other half of the suspension was rinsed by centrifugation, decantation of the supernatant, 
and re-suspension of the pellet in ethanol.  This rinsing procedure was repeated two more 
times, after which the pellet of nanoparticles was dried under vacuum at 60 oC for 3 h and 
the nanoparticles were set aside for microscopy studies. 
 
Attachment of MIP layer to nanoparticles   BPA (228 mg, 1 mmol) was placed in 
a 100-mL flask on a Schlenk line.  The flask was evacuated and backfilled with argon 
three times before ethanol (20 mL) was added, after which the contents of the flask were 
heated to 50 oC.  The template complex (Figure 4.3) was formed by adding APS (450 μL, 
2.5 mmol) to this heated BPA solution and stirring it for 3 h.  Then, TEOS (2.0 mL, 9.0 
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 mmol), glacial acetic acid (1.0 mL, 17.5 mmol) and the nanoparticle suspension (~40 
mL) reserved from the previous step were added to the solution of template complex.  
This mixture was stirred vigorously for 18 h at 50 oC, during which time the TEOS 
became crosslinked, incorporating the template complexes into the forming network by 
means of covalent bonding.  Simultaneously, the forming network deposited itself as a 
layer on the surface of the nanoparticles.  Typically, the final suspension of MIP-coated 
nanoparticles was kept in the Schlenk flask until ready for attachment to sensor discs, but 
occasionally the MIP-coated nanoparticles were isolated by repeated centrifugation and 
re-suspension in DI water for microscopy studies.  Non-imprinted silica nanoparticles 
were also prepared using an identical procedure without adding BPA. 
 
Attachment of MIP-coated nanoparticles to QCM sensor discs   In order to protect 
the electrode on the reverse side of the sensor disc and allow deposition of MIP-coated 
nanoparticles on the top surface only, we used an open QCM module, which is intended 
for use with still liquids.  The perimeter of the sensor disc was clamped into the module 
between two circular o-rings.  In the meantime, TEOS (0.1 mL, 0.45 mmol) was added to 
a suspension of MIP-coated nanoparticles that had been previously prepared and was 
stored in a Schlenk flask.  The mixture was heated and stirred at 70 oC under argon for 24 
h, after which the mixture was allowed to cool quiescently.  During cooling, any 
agglomerated, MIP-coated nanoparticles settled to the bottom, leaving a suspension of 
non-agglomerated nanoparticles as a supernatant.  Then a 200-µL aliquot of this 
supernatant was carefully removed from the Schlenk flask with a micropipette and was 
deposited on the sensor disc in the open module.  The temperature of the module was 
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 controlled to 37 oC, which promoted evaporation of the ethanol solvent.  After 
evaporation of the solvent (about 1 h), the sensor disc was rinsed with DI water under 
sonication to remove any non-covalently bonded nanoparticles.  Then the disc was air-
dried and reserved for experiments in the standard, closed flow cells of the QCM.    
 
Extracting BPA template from the MIP   Extraction of the BPA template 
molecule from the MIP was conducted in the flow cells of the QCM, each of which 
contained a sensor disc bearing adhered, MIP-coated nanparticles.  First, DI water was 
pumped through the flow cells until a stable baseline value of nfn∆ was established.  
Then 1 M HCl was pumped through the cells to change the pH and effect extraction of 
BPA template from the MIP.  After this, DI water was again pumped through the cells 
and the difference in nfn∆  before and after the extraction with HCl solution was noted.  
This difference was termed “residual frequency.”   
 
Trapping BPA from aqueous saturated BPA solution   Sensor discs bearing MIP-
coated nanoparticles from which BPA had been extracted were clamped into flow cells of 
the QCM.  Once a stable baseline was established with flowing DI water, an aqueous 
solution saturated with BPA was introduced to the flow cells, and frequency changes 
were monitored in real time.  After the frequency signals (vibrational modes n = 3, 5, 7) 
had leveled off, DI water was introduced to the flow cells and the residual frequencies 
were noted.  The performance of several controls, bare sensor discs (no nanoparticles), 
sensor discs bearing bare nanoparticles, and sensor discs bearing nanoparticles coated 
105 
 
 with crosslinked TEOS (no BPA template) was compared with the performance of MIP-
coated nanoparticles mounted on sensor discs. 
 
Evaluation of selectivity of MIP   Selectivity of MIP-coated nanoparticles 
mounted on sensor discs for BPA in preference to similar compounds was evaluated with 
the QCM. Sensor discs bearing BPA-free, MIP-coated nanoparticles were placed into the 
flow cells of the QCM.  Baselines were established with flowing mixed solvent of 
ethanol (80% by volume) in water.  Then individual solutions of the three test compounds 
(2 mM) in the same solvent were introduced to the flow cells and changes in frequency 
were monitored in real time with the QCM.  After the signals had leveled off, the mixed 
solvent (ethanol/water) was re-introduced to the flow cells and the residual frequency was 
measured for each cell.  
 
Determination of concentration of saturated BPA solution by UV-vis   A 
concentration series of 0.050 mM, 0.10 mM, 0.20 mM, 0.30 mM and saturated BPA 
aqueous solution was prepared for UV detection. A quartz spectrometer cell containing 
D.I. water was placed in the spectrometer compartment. The baseline was established in 
D.I. water, and then the spectrum of each concentration of BPA solution was obtained.  
 
Concentration series of BPA solution   Trapping ability of MIP-coated 
nanoparticles mounted on sensor discs was evaluated by QCM for different 
concentrations of BPA solutions. A concentration series of 0.050 mM, 0.10 mM, 0.20 
mM, 0.30 mM, and BPA at saturation level in water was prepared for QCM studies. 
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 Sensor discs bearing BPA-free, MIP-coated nanoparticles were placed into the flow cells 
of the QCM.  Baselines were established with D.I. water, after which the members of the 
concentration series were introduced to different the flow cells and changes were 
monitored in real time with the QCM. After the signals had leveled off, D.I. water 
solution was re-introduced to the flow cells and the residual frequencies were measured 
for each cell. 
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 4.3 Results and Discussions 
 
Scanning electron microscopy images (Figure 4.6) showed that all nanoparticles 
were spherical in shape and uniform in size.  The size of the bare silica nanoparticles is 
much smaller than MIP-coated nanoparticles (both before and after extraction of BPA). 
The sizes of the nanoparticles were evaluated by measurement of the diameters of 28 
particles from TEM micrographs (Figure 4.7) of each sample, and these are reported in 
Table 4.1. Statistical significance of difference was determined by means of the Student 
t-test.  The average diameter of a bare nanoparticle is about 40 nm, and the average 
diameter of a MIP-coated nanoparticle is about 130 nm.  The MIP-coated nanoparticles 
both before and after extraction of BPA are the same size. These results confirmed the 
nanoparticles remain the same size in the presence or absence of BPA, as anticipated.  
From Table 4.1, it can be computed that the thickness of the MIP coating itself is 45 nm.  
A MIP layer this thin is most probably completely accessible to target molecules.  
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Figure 4.6. SEM images showing three different nanoparticles at the same magnification: 
(a) bare silica nanoparticles, (b) MIP-coated silica nanoparticles containing BPA template 
(c) MIP-coated silica nanoparticles after extraction of BPA. 
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Figure 4.7. TEM images showing three different nanoparticles at the same magnification: 
(a) bare silica nanoparticles, (b) MIP-coated silica nanoparticles containing BPA 
template, (c) MIP-coated silica nanoparticles after extraction of BPA. 
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 Table 4.1. Diameters of three different kinds of nanoparticles 
Nanoparticles 
Diameter  
Ave. ± Std. Dev. 
(nm) 
N 
Bare, without MIP coating 40.59 ± 3.14 28 
MIP-coated, 
containing BPA template 
130.04 ± 9.65 28 
MIP-coated, 
after extraction of BPA 
134.03 ± 8.79 28 
 
 
UV-vis spectroscopy was performed to obtain the concentration of saturated BPA 
solution by means of a concentration series (0.05 mM, 0.1 mM, 0.2 mM, 0.3 mM and 
saturated BPA solution) of aqueous BPA solution.  Figure 4.8 shows the absorption peaks 
at ~230 nm and ~277 nm.  The absorbance of BPA solution at these wavelengths varies 
in a linear fashion with concentration; the higher is the concentration of the BPA 
solution, the greater is the absorbance.  A plot of absorbance maxima versus 
concentration was constructed (Figure 4.9) to serve as a calibration curve.  The 
absorbance for the saturated BPA aqueous solution was 0.990, and extrapolation of the 
calibration curve showed that a concentration for saturated BPA solution of 0.394 ± 
0.148 mM. 
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Figure 4.8. UV spectrum for BPA aqueous solution at different concentration. 
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Figure 4.9. UV absorbance calibration curve of BPA aqueous solutions at different 
concentrations.  Note that the y-axis has been displaced to the left of zero concentration 
to ease crowding.  
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 Infrared spectra (Figure 4.10) were obtained for bare nanoparticles, nanoparticles 
coated with crosslinked alkoxysilane (no BPA), MIP-coated nanoparticles containing 
BPA template, and MIP-coated nanoparticles with BPA template removed, respectively.  
Figure 4.10a shows peaks from pure silica nanoparticles only.  Figure 4.10b, from 
nanoparticles coated with crosslinked alkoxysilane, reveals new peaks due to the AMPS 
crosslinked into the network.  These new peaks can be attributed to the N-H groups of the 
AMPS.  Figure 4.10c shows additional peaks from the BPA added as the template, 
indicating that BPA was imprinted successfully into the MIP coating on the 
nanoparticles.  Figure 4.10d shows that the peaks due to the BPA template are gone, 
verifying that the BPA template was successfully removed from the MIP-coated 
nanoparticles by exposure to HCl solution.   
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Figure 4.10. FT-IR spectra of a) bare nanoparticles, b) nanoparticles coated with 
crosslinked alkoxysilane c) MIP-coated nanoparticles containing BPA template, and d) 
MIP coated nanoparticles with BPA template removed. 
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 Figure 4.11 shows typical results for comparison of the performance of the MIP-
coated nanoparticles mounted on the sensor disc with the performance of several 
controls: bare sensor disc, sensor disc bearing bare nanoparticles, sensor disc bearing 
nanoparticles coated with crosslinked alkoxysilane (no BPA).    
 
As can be seen from the figure, for the bare sensor disc (Figure 4.11a), the 
residual frequency was zero (within the 1 Hz random error of the instrument) after 
exposure to the BPA solution. This indicates that there was no adsorption of BPA on the 
flat surface of bare sensor discs.  For the sensor disc bearing bare nanoparticles (Figure 
4.11b), there was a residual frequency of approximately 8 Hz after exposure to the BPA 
solution.  This indicates that a small amount of BPA was adsorbed onto the surface of the 
nanoparticles.   For the sensor disc bearing nanoparticles with crosslinked akloxysilane 
and no BPA, i.e. a nontemplated MIP, (Figure 4.11c), there was a residual frequency of 
approximately 8 Hz after exposure to the BPA solution.  This indicates that a small 
amount of BPA adsorbed onto the nanoparticles coated with a nontemplated MIP.  
However, for the MIP-coated nanoparticles mounted on the sensor disc (Figure 4.11d), 
there was a residual frequency of approximately 40 Hz after exposure to the BPA 
solution.  This large residual frequency confirmed that MIP-coated nanoparticles 
mounted on a sensor disc successfully trapped a significant amount of BPA from aqueous 
solution.   
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Figure 4.11. Frequency versus time traces for n = 5 of sensor discs in flow cells: (a) bare 
sensor disc as first control, (b) sensor disc bearing bare nanoparticles (no MIP coating) as 
second control, c) sensor disc bearing nanoparticles coated with crosslinked alkoxysilane 
(no BPA), and (d) MIP-coated nanoparticles mounted on the sensor disc as experimental 
specimen. 
 
 
The selectivity of MIP-coated nanoparticles mounted on a sensor disc for BPA 
over the similar molecules, 4,4’-biphenol (BP) and 4-tert-butylphenol (t-BuP), was  
evaluated.  The structures of all three molecules are shown in Figure 4.12. They have 
aromatic rings and –OH groups in common.  A valid and fair comparison not only 
required that the same sensor disc bearing MIP-coated nanoparticles be used for each test 
but also required that the same concentration of these test molecules be used. However, 
the solubility of these three molecules in water is vastly different, and the solubilities of 
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 BP and t-BuP in water are extremely low.  In order to overcome these differences in 
solubility, 80% ethanol by volume in water was used as the solvent for the three test 
molecules.  With this mixed solvent, a concentration of 2 mM can be achieved for all 
three molecules.   
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Figure  4.12. Structures of BPA and two test compounds for selectivity analysis. 
 
 
Results for vibrational mode n = 5 are shown in Figure 4.13, which shows results 
for a single MIP-coated sensor disc.   The magnitude of the residual frequency for BP 
was lower than that for BPA, and the magnitude of the residual frequency for t-BuP was 
much lower than that for BPA.  Table 4.2 shows the average residual frequencies and 
standard deviations for results from four replicate MIP coated sensor discs.   These 
results need to be considered more carefully, however, because the molecular weights of 
the three test compounds are not the same.   Because the QCM technique is a gravimetric 
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 technique, the molecular weight as well as the number of trapped molecules determines 
the frequency change.  
 
 
Figure 4.13. The frequency versus time traces for n = 5 in a flow cell, for a) exposure of 
MIP sensor disc to BPA solution, b) exposure of MIP sensor disc to BP solution, and c) 
exposure of MIP sensor disc to t-BuP solution. All solutes were 2 mM in a solvent of 
80% by volume of ethanol in water. 
 
For a more quantitative evaluation of selectivity, residual frequencies and 
molecular weights of each test molecule were normalized by the residual frequency and 
molecular weight of BPA.   If the normalized molecular weight for a test molecule equals 
the normalized residual frequency for that test molecule, then the MIP trapped the same 
number of test molecules as it trapped of BPA molecules in exposure to BPA alone.   
Table 4.2 contains these normalized values for all three molecules.  Of course, for BPA, 
its normalized molecular weight equals its normalized residual frequency.  For BP, the 
normalized molecular weight is not significantly larger than its normalized residual 
frequency.  This means that the MIP trapped approximately the same number of BP 
molecules as BPA molecules.  However, for t-BuP, the normalized molecular weight is 
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 much larger than its normalized residual frequency. This means that the MIP trapped 
many fewer t-BuP molecules than BPA molecules.  In summary, the MIP exhibits little to 
no selectivity between BPA and BP, the structures of which are almost identical.  
However, the MIP is highly selective for BPA over t-BuP, a molecule of only somewhat 
different chemical structure, shape and functionality from BPA. 
 
Table 4.2. Average residual frequencies, molecular weights, and corresponding 
normalized values for selectivity tests on three replicate MIP-disc each exposed to the 
three test compounds 
Target 
molecules 
Residual 
Frequency 
Ave. ± Std.Dev. 
(Hz) 
Molecular 
weight 
(g/mol) 
Normalized 
molecular 
weight 
Normalized 
residual 
frequency 
BPA -66 ± -3.5 228 1.0 1.0 
BP -51 ± -3.1 186 0.82 0.77 
t-Bup -17 ± -2.6 150 0.66 0.26 
 
 
 
The capacity of the MIP-discs for re-use was evaluated by conducting repeated 
cycles of trapping and release of BPA from aqueous medium.  Results of cycling are 
shown in Figure 4.14 for a MIP-disc mounted in the flow cell of the QCM.  Figure 4.15 
shows the performance of the same MIP-disc after many cycles of use and one month of 
storage without use.   
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Figure 4.14. QCM data show three successive cycles of a MIP sensor disc. Each cycle 
starts with the empty MIP in pure water, continues with exposure to BPA solution, 
followed by release of BPA with HCl, and ends with re-introduction of pure water to 
establish the residual frequency. 
 
 
Figure 4.15. QCM data show three successive cycles of a MIP sensor disc. Each cycle 
starts with the empty MIP in pure water, continues with exposure to BPA solution, 
followed by release of BPA with HCl, and ends with re-introduction of pure water to 
establish the residual frequency.  This MIP-disc had been used numerous times and 
stored for one month unused.  
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 In the figures, a zero baseline is established for the BPA-laden MIP-disc with pure 
water.  HCl solution is injected almost immediately to release the BPA from the MIP disc 
(the frequency drops and stabilizes).  Then pure water is re-injected into the flow cell (at 
5 h in Figure 4.14) to obtain the residual frequency for the empty MIP-disc.  The residual 
frequency is above zero at about 20 Hz.  This point is arbitrarily defined as the beginning 
of the first cycle.   At this arbitrary beginning, the empty MIP-disc is exposed to 
saturated, aqueous BPA solution; the frequency drops precipitously and then more slowly 
over the next few hours as the MIP-disc traps BPA from solution.  For the second and 
third cycles, the frequency upon exposure of the empty MIP-disc to saturated BPA 
solution stabilizes fairly quickly, eliminating the need for long observation times.  In 
addition, the second and third cycles are very close in appearance.  This behavior, i.e., the 
first cycle being somewhat different than subsequent cycles, was quite typical of the 
many MIP-discs tested.   Comparison of Figure 4.14 to Figure 4.15 reveals that the MIP-
disc retained 75% of its original trapping capacity after additional usage and long storage 
time.    
 
 The last aspect of the BPA sensor system to be discussed is its calibration.  This 
system must be calibrated in order for the BPA content of the aqueous medium of interest 
to be quantitative.   A series of aqueous solutions of BPA of known concentration was 
used to establish the correlation between residual frequency of the MIP-disc and the 
solution concentration of BPA.   Because within-batch variation among sensor discs is 
less than batch-to-batch variation, calibration was done with three replicate sensor discs 
(from the same batch).  In comparing the residual frequencies after exposing the sensor 
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 discs to different concentrations of BPA solution, we found that as the concentration of 
the BPA solution increased, the magnitude of the residual frequency increased and varied 
linearly with concentration.  Figure 4.16 shows a calibration curve relating residual 
frequency to concentration of BPA solution.   The residual frequency for the saturated 
BPA solution is the largest, as expected, and is 38.0 ± 1.8 Hz, corresponding to a solution 
concentration of value 0.388 ± 0.007 mM from the curve in Figure 4.16.  This value of 
the concentration of BPA in saturated solution is extremely close to that obtained from 
the UV-vis calibration curve (0.394 ± 0.148 mM), and serves as a check on the frequency 
calibration of the QCM sensor system.   
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Figure 4.16. QCM residual frequency vs BPA aqueous solution at different 
concentrations.  Error bars are ±1 Std. Dev.  
 
  The nonzero intercept (< 2 Hz) is of no physical significance and is a 
result of the random error of the sensor system as a whole.  However, it does define the 
122 
 
 lower limit of sensitivity of the system; solution concentrations that are lower than 0.015 
mM cannot be measured with confidence and another method (such as fluorescence 
spectroscopy) should be used.     
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 4.4 Conclusion 
 
In this chapter, a sensing system that combined molecularly imprinted polymer, 
nanoparticles, and the quartz crystal microbalance (QCM) was described.   This sensing 
system allows real time monitoring of extraction and trapping of bisphenol A (BPA) from 
aqueous solution.  The molecularly imprinted polymer is inorganic and therefore durable.  
The nanoparticles provide high surface area for trapping the BPA and the MIP layer is 
made ultrathin to maximize accessibility by BPA in the contacting solution.  The QCM, a 
gravimetric technique, converts the trapped BPA into an electronic signal that can be 
displayed.   
 
The sensor disc bearing MIP-coated nanoparticles, i.e., the “MIP-disc,” showed 
much higher binding of BPA molecules than was shown by the three relevant controls: a 
bare sensor disc (silicate surface), a sensor disc containing adhered nanoparticles, and a 
sensor disc containing nanoparticles coated with the same crosslinked alkyloxysilane and 
aminopropylsilane system used for preparing the imprinted silicate polymer but without 
the imprinting BPA template.   
 
The MIP-disc was shown to be highly selective to BPA over t-BuP, a slightly 
disimilar molecule, but not selective over BP, a nearly identical molecule.  The MIP-discs 
were also shown to be re-usable, not only after many used cycles but also after long 
storage without use.  
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 The amount of BPA trapped is indicated by the size of the QCM signal, termed 
the residual frequency (a net frequency for which solvent effects have been eliminated).  
The residual frequency was found to be proportional to the concentration of BPA in the 
aqueous medium.   The sensor system needs to be calibrated to give quantitative results.  
The calibrated sensor system gave the same concentration value for a saturated BPA 
solution as did a calibration curve prepared with UV-vis spectroscopy.   In sum, this 
sensor system, combining a MIP, nanoparticles, and the QCM, can be used for 
quantitative detection of BPA in aqueous medium. 
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 Chapter 5. Synthetic, Chondroitin Sulfate-based Hydrogel Found with Similar 
Properties to Nucleus Pulposus 
 
5.1 Introduction 
 
5.1.1 Lower back pain 
 
Lower back pain is a major public health problem nowadays, and affects more 
than half the U.S. population at some point in their lifetimes.  Overall, one in two persons 
reports experiencing back pain at least once a year.133-134  Lumbar back disorders, back 
injuries, and disc disorders are various causes of lower back pain.135  Spinal fusion 
surgery was the most common surgical approach over the past several decades for 
treating the end-stage of this degeneration.  However, surgery not only comes with high 
cost but also causes patients lose some flexibility and freedom of motion.  Early-stage 
interventions were aimed at treating the symptoms, but failed to address the causes of 
back pain.136 
 
Intervertebral disc (IVD) degeneration eventually leads to loss of mechanical 
stability and results in lower back pain.137    In a normal and healthy intervertebral disc, 
the inner region of the disc, called the nucleus pulposus (NP),  generates swelling 
pressure, which transfers the applied load to the annulus fibrosus, the hoop that confines 
the NP.138   The NP, which is highly hydrophilic, generates swelling pressure by strongly 
absorbing water from the body.138   However, with aging and degeneration, the NP 
undergoes dramatic compositional and morphological changes (dehydration and 
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 shrinkage).139    Early degeneration is characterized by decreased water content along with 
decreased size and quantity of proteoglycan aggregates in the extracellular matrix.140-141   
This loss of proteoglycans leads to a loss of hydration capability of the  NP, which in turn 
leads to reduction in disc height and osmotic pressure.141   The load transfer mechanism of 
such a dehydrated disc is significantly disrupted.142   The NP cannot generate enough 
swelling pressure and thus is unable to perform its normal function of load transfer to the 
annulus fibrosus.143   The structure and composition of collagen, the protein that primarily 
comprises the disc, are also changed with age and degeneration. The NP turns from white 
to yellow-brown. In addition, radial tears, cracks, and fissures occur within the annulus 
fibrosus.  Lastly, a decrease in the number of healthy nerve cells inside the IVD takes 
place.140 
 
5.1.2 Intervertebral disc 
 
5.1.2.1 Structure and function of the intervertebral disc 
 
The intervertebral disc (IVD) lies between the vertebrae that comprise the human 
spinal column.  The IVD not only functions to accommodate compressive loads from 
body weight and muscle tension, but also allows for bending, flexion, and torsion of the 
spine in all directions.144   The ability of the intervertebral disc  to execute these 
mechanical tasks depends on the structure of the disc.145    The disc structure has three 
distinct regions (seen in Figure 5.1): the nucleus pulposus (NP), a soft and highly 
hydrated gelatinous core situated in the center; the annulus fibrosus, a hoop-like structure 
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 encircling the NP and situated on the periphery of IVD; and the vertebral endplates, 
partly cartilaginous and partly bony structures situated above and below the IVD that 
serve as interfaces between the disc and the vertebrae.  The cartilaginous end plates haves 
many pores that allow water and nutrient transport into and out of the disc.146   The IVDs 
together comprise about one-third of the entire height of the spinal column.144,147 
 
 
Figure 5.1. Schematic of the intervertebral disc (IVD). The nucleus pulposus is located in 
the center of IVD, is restrained on top and bottom by vertebral end plates, and is 
restrained laterally by the annulus fibrosus. This figure is taken from Ref. 144. 
 
 
5.1.2.2 Structure and function of the annulus fibrosus 
 
The annulus fibrosus is a firm and ordered layer structure inside the IVD that 
serves to contain the gelatinous NP.148   The annulus fibrosus is a tough, fibro-
cartilaginous hoop.  This hoop is composed of layers (lamellae) of collagen fibers, 
concentric around the NP, and the proteoglycan aggregates separate the layers.  The inner 
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 layers of the annulus fibrosus are less hydrated than the neighboring NP.  Water accounts 
for 60-70% of the total mass of the annulus fibrosus, whereas water accounts for closer to 
90% of mass of the NP.149   Spinal compression generates a hydrostatic pressure in the 
NP, which then places the annulus fibrosus into tension, i.e., hoop stress, to resist the 
applied load.150-151   
 
5.1.2.3 Structure and function of the nucleus pulposus 
 
The nucleus pulposus (NP) is located in the central region of the IVD, and has a 
gelatinous and relatively homogeneous consistency which is organized randomly.152   It 
consists of water (70-90% of wet weight),  proteoglycans (14% of wet weight), collagen 
(about 4% of wet weight) and other proteins.153   The water content of the NP is very high 
at birth (90% or so) and then decreases at older age to 70% or even less.154   Proteoglycans 
are hydrophilic proteins, which are key in the ability of the NP to retain water.155   
Proteoglycans are composed of sulfate glycosaminoglycan (GAG) chains covalently 
attached to protein cores. These molecules have the ability to attract and retain water by 
means of their ionic carboxylate and sulfate groups.154   Randomly organized collagen 
fibers are also present in the NP and associate with the proteoglycans to form a loose 
network.134   Collagen fibers provide tensile strength while proteoglycans create a large 
concentration gradient to draw water into the tissue and create osmotic pressure.146   As 
the load increases, the pressure inside the NP also increases and the water is squeezed out 
into the vertebrae through the holes in the endplates. When the mechanical load on the 
disc decreases, the pressure within the NP also decreases and the water returns. This 
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 system is an effective pump, providing a circulation path for the inflow of water and 
nutrients and the outflow of metabolic waste.156 
 
5.1.3 Mechanical properties of the nucleus pulposus 
 
The nucleus pulposus (NP) was described as a incompressible fluid by Keyes and 
Compere in 1932.157   In the case of a normal healthy disc, any compressive load acting on 
the disc is distributed radially to the annulus fibrosus. The applied load on the disc creates 
hydrostatic pressure inside the NP, which is applied to the inner annulus fibrosus layers 
before being radially distributed to the surrounding annulus fibrosus. The primary 
function of the NP is to generate internal fluid pressure in response to compressive 
loading of the vertebrae.   The water content of the disc is dependent on both the 
proteoglycan content and collagen content of the NP.  The proteoglycans provide the 
swelling pressure required and the collagen provides the resistance to swelling, resulting 
in a balanced mechanism for load support in the IVD. 
 
The NP plays  the primary role in determining the mechanical properties of the 
IVD.135   Therefore, researchers have been working on developing new techniques to 
study the characteristics of the NP.  For example, the physical properties of the NP such 
as swelling behavior, complex modulus, and phase angle have been reported recently.    
For swelling behavior, the earliest studies were performed by Charnley158 and Hendry159 
in the 1950s.  They found that the NP could swell 200% or more in volume, reaching 
swelling pressures of 0.07 MPa.  Later, Iatridis et al. tested the swelling pressure of 
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 human annulus fibrosus in vitro and reported a 0.1 MPa swelling pressure in this 
system.146   The mechanical behavior of the NP was studied by Cloyd et al., who used 
unconfined compression stress-relaxation to measure the elastic modulus of the NP.160  
They reported values of elastic modulus ranging from 5.39 ± 2.56 kPa, with a Poisson’s 
ratio of 0.62 ± 0.15.  Iatridis et al. studied the mechanical behavior by means of dynamic 
shear tests with 13 test samples aged 16-68 years.135,146,161   The experimental results 
showed that the complex modulus of the NP ranged from 12 to 38 kPa with a large 
scatter, and that phase angles ranged from 23o to 31o.  According to those studies, the NP 
was proven to be a viscoelastic solid and not viscoelastic fluid as suggested earlier.  
 
5.1.4 Replacement of nucleus pulposus with hydrogel 
 
Since the major problem of lower back pain is due to the degradation and loss of 
the nucleus pulposus (NP), many researchers began to consider replacement of the NP as 
one of the strategies to remedy disc degeneration.162   Replacement is intended for a 
patient with early stage IVD degeneration, before significant damage has accumulated in 
the annulus fibrosus.  The goal is to restore the biomechanical function and mechanical 
behavior of the NP as well as to prevent further collapse and degeneration of the 
remaining disc. In this way, replacement can help remove the source of pain, delay 
further degeneration of the disc, and preserve the biomechanical balance and motion of 
the spine.162-163   Any replacement strategy for the NP must leave the rest of the IVD (e.g. 
annulus fibrosus and end plates) intact.  Furthermore, the replacement procedure should 
not be too invasive and should not take too long.164 
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 At the beginning, the NP replacement technologies primarily focused on synthetic 
materials that could mimic the NP geometry.165  A stainless steel ball, designed in 1966 
by Firestorm, was the first material used as a replacement for the NP in a human.166   It 
was meant to occupy the space of the NP and allow the movement of adjacent vertebrae. 
However, the inability of the steel to deform underpressure meant that the ball could not 
restore normal load distribution and, as a result, migrated both laterally and downward.  
Hamby and Glaser tried to inject poly(methyl methacrylate) into the IVD but had flow 
control problems and a poor outcome.167   In 1973, Nachemson introduced an injectable 
mixture of silicon and Dacron (polyester) fibers, but they reported complications, such as 
bone resorption and abnormal formation of new bone.168   After seeing these poor results, 
researchers realized that they needed viscoelastic materials having mechanical behavior 
more similar to that of the NP.163 
 
Currently, researchers are focusing efforts on synthetic polymers as well as on 
bio-based polymers to mimic biomechanical function of the NP.  Synthetic hydrogels are 
appealing because they have water-absorbing capacity, ability to maintain hydrostatic 
pressure, and high biocompatibility in tissue engineering studies.  Hydrogels are three-
dimensional hydrophilic polymer networks that form by the chemical or physical 
crosslinking.  Their water content and mechanical properties can be similar to natural soft 
tissue.  They can contain over 99% water in their three-dimensional structures without 
disintegration.  They have many unique properties such as elasticity, biocompatibility, 
water absorption, and stimulus-response properties depending on the materials.  These 
advantageous properties have made them useful in a variety of applications, including 
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 drug delivery and tissue engineering, and promising as NP implants.169-170    The ideal 
hydrogel for NP replacement should have similar swelling behavior and mechanical 
properties to those of the natural NP.  In addition, the synthetic material should resist 
degradation and should be biocompatible.171-172 
 
Hydrogels made of natural biocompatible materials seem to be the best choice for 
mimicking the human NP.173   Natural materials such as polysaccharides have particular 
relevance in biomedical applications.  Elliott et al.160  investigated a series of hydrogel 
formulations composed of hyaluronic acid (a polysaccharide), polyethylene glycol-g-
chitosan (a polysaccharide) and gelatin, and conventional alginate and agarose 
(polysaccharides) gels in different ratios to find a suitable replacement material for NP.  
Reis et al.174  investigated a series of hydrogels composed of gellan gum (a 
polysaccharide) and glycidyl methacrylate with different crosslinking initiators to find a 
suitable natural polymer to serve as a replacement for the NP.   Later, researchers were 
focused on natural materials similar to native cartilage as replacement for NP.175   We 
selected chondroitin sulfate (CS) as the basis for our synthetic hydrogel, because it has 
already been shown to be biocompatible.   However, it must be crosslinked to exhibit the 
appropriate swelling behavior and mechanical properties of a replacement for the NP 
 
5.1.5 Chondroitin sulfate 
 
Chondroitin sulfate (CS) belongs to the glycosaminoglycan family.  It is 
polysaccharide composed of repeating disaccharide units.  In the NP, chondroitin sulfate 
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 chains are bonded to a core protein, forming a proteoglycan, which is a major structure 
inside cartilage.176   The CS is responsible for the tissue’s compressive strength and also 
capable of absorbing a large volume of water.   Up to now, CS has been widely used in a 
series of pharmaceutical applications, such as tablets, liquid preparations, soft and hard 
capsules, hydrogels.176-179 
 
Recently, CS-based hydrogels have been used in a large number of biomedical 
applications that require the biocompatibility and hydrophicility of CS.175,180   Lee et al. 
synthesized multifunctional polyvinyl alcohol- and CS-based hydrogels for use as 
materials for scaffolds in tissue engineering.181   Chen et al. used CS and poly(ethylene 
glycol) diglycidyl ether in the form of an interpenetrating polymer network for drug 
delivery.177   Wang et al. introduced methacrylated CS hydrogel for an application in 
controlled-release drug delivery.182    Elisseeff et al. introduced a copolymer gel based on 
CS and polyethylene glycol, with glycidyl methacrylate (GMA) as a crosslinker; this was 
used for repair of tissue.179   Lo and Jiang reported that GMA, a chemical that provides 
vinyl groups to a materials system, is less harmful to the human body than other 
reagents.183   The use of GMA for producing chemically-crosslinked polysaccharides was 
novel at the time.  Later, Detamore et al. incorporated methacrylated-CS into 
interpenetrating network hydrogels made of agarose-polyethylene glycol diacrylate to 
enhance mechanical performance for tissue engineering.178 
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 5.1.6 Approach 
 
In this study, we specifically investigated formation of CS-based hydrogels to 
mimic mechanical properties of the NP.  Glycidyl methacrylate (GMA) served as a 
crosslinker, its epoxide group reacting readily with the carboxylic acid group of CS.  The 
reaction of GMA with carboxylic acid groups of the CS chains produced dangling vinyl 
groups at various points along the chains.  Crosslinking of these polymer chains could be 
accomplished through the mutual reaction of the vinyl groups on different chains with 
each other.   The mutual reaction of vinyl groups is best conducted as a free radical 
reaction.   Because CS is not soluble in organic solvents, the crosslinking had to be 
conducted in an aqueous medium.  For this, we selected a water soluble initiator that had 
not been previously used for crosslinking of CS.  This thermally initiated free radical 
polymerization provided a fast and efficient method for forming a biocompatible 
hydrogel.  We prepared a series of hydrogels having different molar ratios of CS to 
GMA; this yielded a spectrum of crosslink densities, i.e., a gel with tunable properties.  
We evaluated the swelling behavior (water absorption and loss) and the mechanical 
properties of this series as a function of the molar ratio of CS to GMA.  Swelling 
behavior was evaluated gravimetrically. Mechanical testing was carried out in 
compression mode with dynamic mechanical analysis equipment.  The results enabled the 
connection of specific molar ratios of CS to GMA to specific measured physical and 
mechanical properties.  Our goal was to span the range of physical and mechanical 
properties reported for the human NP.  
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 5.2 Experimental 
 
5.2.1 Materials 
 
Chondroitin sulfate sodium salt from bovine cartilage (CS), glycidyl methacrylate 
(GMA), potassium peroxodisulfate, Deuterium oxide, methanol and acetone were 
obtained from Sigma Aldrich Co., St. Louis, MO.    Ultra-pure deionized water used 
throughout the experiments was obtained from a purification system (MILLI-Q).  
 
5.2.2 Instrumentations 
 
NMR spectra were obtained by means of a NMR 500-MHZ spectrometer from 
Varian Inc, Palo Alto, CA.  Mechanical properties were obtained in compression mode 
by means of dynamic mechanical analysis (DMA), Q800, TA instruments, from New 
Castle, DE.  
 
Dynamic mechanical analysis (DMA) is a technique in which a small cyclic 
deformation is applied to a sample.  DMA can be operated in different loading modes, 
such as single/dual cantilever bending, three-point bend, shear, compression, film tension 
and fiber tension. In this study, the compression mode was used, as shown in Figure 5.2. 
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Figure 5.2. Schematic of DMA compression mode. 
 
 
DMA measures the stiffness and damping of a material, these are reported as 
modulus and tan δ (tangent of the phase angle, delta).  The modulus includes both 
storage modulus and loss modulus.  The storage modulus E’ is the energy applied and 
stored elastically during deformation, which is related to the elastic behavior of the 
material.  The loss modulus E’’ is the energy applied but not recovered, which is related 
to the viscous behavior of the material.  The tan delta is the ratio of the loss modulus to 
the storage modulus, and is often called damping. It is a measure of the energy 
dissipation of a material during dynamic loading. 
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 5.2.3 Procedures 
 
Formation of CS-GMA adduct:  This procedure is written for one specific molar 
ratio of CS to GMA.  Chondroitin sulfate (CS), 100 mg (0.0045 mmol), was first 
dissolved in 4 mL D.I. water in 25-mL flask.  Then 65 μL (0.45 mmol) glycidyl 
methacrylate (GMA) was added to the flask and was followed by addition of 4 mL 
acetone.   (The molar ratio of this particular CS-GMA adduct was CS:GMA :: 1:100.)   
This solution was stirred and heated at 55 oC for 72 h, after which it was concentrated 
under vacuum.  Purification of the concentrate was performed by extraction with 
methanol three times to remove any GMA that had failed to covalently bond to the CS 
chains. The purified products were dried under vacuum and weighed 114.27 mg. The 
products were characterized by NMR.  Adducts of CS-GMA having different molar 
ratios of CS:GMA were prepared similarly.     
 
Formation of hydrogel:  The CS-GMA adduct described above, 114.27 mg, was 
placed in 50-mLSchlenk flask and dissolved in a mixture of 2 mL of DI water and 1 mL 
of acetone, after which the solution was frozen in liquid nitrogen.  Then the flask was 
evacuated and backfilled with argon three times to remove oxygen and moisture.  Then 
the initiator, potassium persulfate, was added to the flask in the amount of 1% wt of the 
CS-GMA adduct present.  After the solution was thawed, it was transferred by means of a 
syringe to a glass tube (purged with argon) 14 mm in diameter and was heated at 70 oC 
for 1 h to effect the crosslinking.  The result was a cylinder of crosslinked hydrogel 14 
mm in diameter that could be cut directly into specimens.   
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Proton NMR characterization:   Spectra of the various CS-GMA adducts were 
obtained as follows.  The adduct, 10 mg, was dissolved in 1 mL D2O and was placed in 
an NMR tube.  The proton spectrum was run in the 500 MHz spectrometer with a 
reference peak at 4.8 ppm from D2O.  Pure CS, 10 mg, was dissolved in 1 mL D2O and 
was placed in an NMR tube to serve as a standard of comparison. 
 
Water absorption determination:  For determination of the water absorption of the 
hydrogels, dried gels were exposed to D.I.water.  Samples of dry hydrogel were prepared 
by means of drying in a vacuum oven at room temperature for ~ 30 h.  Dry hydrogels 
were soaked in D.I water at room temperature and were removed periodically for 
weighing.  The soaking of each gel sample was continued until there was no more 
increase in weight.  The water absorption was calculated from, 
Water absorption = (Mw-Md) / Md, 
where Mw is the mass of wet sample at a certain time t, and Md is the mass of the dry 
hydrogel before immersion in D.I.water. 
 
Water loss determination:  Water loss experiments started with fully saturated 
gels.  Then the weight of the hydrogel as a function of time was measured continuously 
during exposure to air at room temperature for 200 min.  The experiments were stopped 
at 200 minutes, because the equilibrium moisture content for the ambient temperature and 
humidity used could not be reached in a practical amount of time.  The 200 min yielded a 
valid comparison among gel formulations.  Normalized water loss was calculated from: 
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 Normalized water loss = Mw  /Mmax 
where Mw is the remaining mass of the wet gel after a certain time, t, of exposure to air, 
and Mmax is the mass of the fully saturated hydrogel at the beginning of the experiment.  
 
 Mechanical property characterization:  The mechanical properties of these wet 
hydrogels were monitored by means of dynamic mechanical analysis (DMA) in a parallel 
plate configuration under compression mode.  The hydrogel was removed from the test 
tube in which it was formed, and was cut into uniform short lengths.   The diameter and 
height of each specimen was measured.  The diameter was 14.2 ± 0.23 mm and the height 
was 6.6 ± 0.12 mm.  DMA compression mode was calibrated first, after which a cylinder 
of hydrogel was placed in the center of the compression platen on the bottom.  The top 
platen was brought into contact with the top of the specimen and a preload of 65 Pa was 
applied.   The cyclic applied strain was cyclic at maximum of 0.76%. A dynamic 
frequency sweep experiment was performed at frequency range from 0.16 to 16 Hz.  The 
DMA test was done at room temperature for 30 mins.  
 
The storage (elastic) and loss (viscous) moduli, E’ and E’’ respectively, were 
determined as functions of frequency. The latter properties were more conveniently 
expressed as the magnitude of the complex modulus, and the phase shift angle, δ. 
 
provides a measure of stiffness under dynamic conditions, while δis an indicator of 
internal dissipation. 
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 5.3 Results and discussion 
 
 The synthesis scheme of the CS-GMA adduct is shown in Figure 5.3.  The 
epoxide group in GMA can react with any number of the single carboxylic acid groups in 
each repeat unit of CS.  Figure 5.4 shows the proton NMR of CS (starting material) and 
of the CS-GMA adduct.  In the spectrum of the CS-GMA adduct, there is a doublet that 
does not appear in the spectrum of CS alone.  This doublet, 5.75 ppm and 6.20 ppm, is 
attributed to vinyl protons (from GMA) in the structure of the adduct.  There is also a 
peak at 1.95 ppm that does not appear in the spectrum of CS alone; this is attributed to 
the methyl substituent on the vinyl group (from the GMA) of the adduct.   The presence 
of these peaks indicates that the GMA was successfully linked to the CS chains.  
Integration of peak heights from protons associated with the GMA structure (methyl 
protons) and from protons associated with the CS structure (acetyl protons) was used to 
determine the number of GMAs added per repeating unit of the CS.   These values, in 
terms of molar ratios of CS to GMA will be shown later. 
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Figure 5.3. Schematic of the formation ofthe adduct between chondroitin sulfate (CS) and 
glycidyl methacrylate (GMA). 
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Figure 5.4. 1H-NMR spectra of CS (top) and of CS-GMA adduct (bottom). The doublet 
around 6.0 ppm in the lower spectrum is attributed to the two identical vinyl protons of 
GMA (at 5.75 ppm and 6.20 ppm).  The appearance of the new peak at 1.95 ppm in the 
lower spectrum is attributed to the methyl group of GMA. 
 
 
 Figure 5.5 shows a photograph of the hydrogel produced upon addition of the 
water soluble initiator, K2S2O8, to the CS-GMA adduct.  This initiator promotes the free 
radical reaction of vinyl groups in the adduct with each other to form crosslinks.   The 
transparent appearance of the crosslinked gel verifies that the three-dimensional network 
is of uniform density.  
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Figure 5.5. Depiction of formation of the hydrogel from CS-GMA adduct upon addition 
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Table 5.1. Chemical constitutions of CS-GMA adducts and water content of crosslinked 
adducts as a function of molar ratio of CS to GMA.   
Molar ratio of 
CS:GMA used in 
synthesis 
1 : 5 1 : 50 1 : 100 1 : 150 1 : 200 1 : 250 1 : 300 1 : 350 
Normalized ratio of 
repeat units of CS to 
number of GMAsin 
adduct, by NMR 
1 : 0.16 1 :  0.23 1 :  0.47 1 : 0.53 1 : 0.61 1 : 0.68 1 : 0.78 1 : 0.85 
Maximum water 
content (wt. %) 
achieved after 
crosslinking 
[(Mwet-Mdry))/Mwet] 
99.8 99.5 99.1 98.8 97.1 96.5 93.3 88.7 
 
 
From Table 5.1, we can see that as the amount of GMA relative to CS in the 
synthesis was increased, the number of GMAs per repeat unit of CS in the adduct also 
increased, from a low value of 0.16 GMA per repeat unit to a high value of 0.85 GMA 
per repeat unit in the CS.   As the amount of GMA in the CS-GMA adduct increased, the 
maximum water content of the crosslinked adduct, i.e., the hydrogel, decreased.  This 
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 inverse relationship for crosslink density versus water content is typical behavior for 
hydrogels.  
 
The formulations with the lowest GMA-contents were too fluid to handle.  
Therefore, the formulations in Table 5.1 with the six highest GMA-contents were used 
for further studies of the physical and mechanical properties of the hydrogels.   
 
Figure 5.6 shows water absorption values (mass of water absorbed per unit mass 
of dry gel) as a function of time for a series of hydrogels having different molar ratios of 
CS to GMA in their formulations.  The ability of the gel to absorb water decreased as the 
ratio of GMA to CS increased.   This diminished capacity for water absorption verifies 
that the hydrogel formulations having higher GMA contents have a more densely 
crosslinked structure.   These more densely crosslinked gels cannot accommodate as 
much “free water,” which is the nonbound water that can be absorbed reversibly, as can 
the gels with lower crosslink density.  A close look at the knee in each curve in Figure 5.6 
reveals that the more highly crosslinked gels reach their maximum water content values 
earlier than do gels with low crosslink densities.  
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Figure 5.6. Water absorption (mass of water absorbed divided by mass of dry gel) versus 
time for a series of hydrogels having different molar ratios of CS to GMA in their 
formulations. Data were taken at room temperature. 
 
 
 Figure 5.7 shows the water loss values as a function of time for the series of 
hydrogels having different formulations.   Water loss is expressed as the mass of the wet 
hydrogel at time of observation, t, divided by the mass of the hydrogel at maximum water 
content.  The previous figure showed that hydrogels with higher crosslink densities 
gained their maximum water contents faster than hydrogels with lower crosslink 
densities.  This figure shows that hydrogels with higher crosslink densities, and that start 
with less total water, also lose their water contents faster than hydrogels with lower 
crosslink densities.  As an example, consider the gel represented by bottom plot 
(triangles); its water content has been reduced to 0.80 at about 80 min, whereas the water 
content of a gel of lower crosslink density represented by next plot up (diamonds) has 
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 been reduced to 0.80 at 110 min, a longer time.  This makes perfect sense, because it 
takes longer for a larger volume of water to evaporate.  
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Figure 5.7. Normalized water loss (mass of wet hydrogel at time of observation divided 
by mass of gel at maximum water content) versus time for a series of hydrogels of 
different molar ratios of CS to GMA in the formulation.  Data were taken at room 
temperature. 
 
 
The mechanical properties of saturated hydrogels were monitored with dynamic 
mechanical analysis (DMA) equipment at room temperature.  Each test took 
approximately 30 min.   Prior to conducting the DMA, we checked the hydrogels for 
water loss due to evaporation during a 30-min period at room temperature.   Water loss 
was found to be insignificant, as shown by Figure 5.7, where at 30 min the loss by even 
the most highly crosslinked gel less than 10% by weight.  This minimal loss is 
underscored by the specific example in Figure 5.8 for intermediate crosslink density 
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 (CS::GMA::1:150)  After 60 min the mass of hydrogel retained 0.972 of its original 
value, exhibiting a water loss fraction of only 0.028.   These findings reassure us that 
there will be minimal water loss during the actual dynamic mechanical tests, and that the 
test results will not be greatly affected by the small amount of water loss.   
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Figure 5.8. Normalized mass of hydrogel as a function of time over 60 min at room 
temperature.  The data are for a hydrogel having molar ratio 1:150, and thus intermediate 
crosslink density. 
 
 
Figure 5.9 shows the storage modulus E’ and loss modulus E’’ as a function of 
frequency spanning the range 0.16 Hz to 16 Hz.  The curves shown are for a series of 
hydrogels having different molar ratios of CS to GMA.  For all the hydrogels tested, both 
the storage modulus and the loss modulus were found to be fairly constant over the 
frequency range, with the four most highly crosslinked hydrogels showing a modest 
increase in E’ with frequency.  The storage modulus values (E’) were higher than the loss 
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 modulus (E’’) values over the entire frequency range.   This fact, along with the actual 
numerical values of E’, in kPa, indicates that the hydrogels studied here behave as 
viscoelastic solids rather than as viscoelastic fluids. Another proof of this point is shown 
in Figure 5.10, of phase angles (δ ) versus frequency for the series of hydrogels.  In 
mechanics, a phase angle below 45 degrees is indicative of a viscoelastic solid, whereas a 
phase angle above this value is indicative of a fluid.  In studies of the human nucleus 
pulposus, Iatridis et al. also reported that the storage modulus is larger than the loss 
modulus and that the phase angle is less than 45 degrees.135,146,161  
 
 
Figure 5.9. Storage modulus (E’, solid symbols) and loss modulus (E’’, dot symbols) as a 
function of test frequency for a series of hydrogels having different molar ratios of CS to 
GMA. Data were obtained at room temperature. 
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Figure 5.10. Values for δ as a function of frequency for a series of hydrogels having 
different molar ratios of CS to GMA.  Data were obtained at room temperature. 
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 The complex modulus was computed from the storage and loss modulus data 
shown in Figure 5.9.  These complex modulus values are shown in Figure 5.11.  The 
complex modulus of all the hydrogels increased with increasing frequency and also 
increased as the molar ratio of CS to GMA increased.  The yellow shading shown in 
Figure 5.11 encloses the diverse values reported in the literature for E* of human nucleus 
pulposus to date.  Some studies described in the literature for moduli of human nucleus 
pulposus reported shear modulus rather than tension/compression modulus.  When this 
was the case, we followed the accepted practice of converting shear modulus to 
tension/compression modulus by means of the formula: GE )1(2 ν+= , where G is the 
reported shear modulus and ν  is the Poisson’s ratio, taken to be 0.62 for the hydrogel.160 
The storage and loss moduli were converted separately and were combined to form E* as 
described in ch. 1.  This superposition of the yellow region onto data from our hydrogels 
shows that we have a tunable formulation that can mimic the complex modulus values of 
the human nucleus pulposus.   
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Figure 5.11. Complex modulus as a function of frequency for a series of hydrogels 
having different molar ratio of CS to GMA. Data were calculated from experimental 
storage and loss moduli.   The yellow shading encloses the diverse values reported in the 
literature for E* of human nucleus pulposus. 
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 5.4 Conclusion 
 
A tunable hydrogel based on chondroitin sulfate (CS), a component of natural 
cartilage in the nucleus pulposus, that mimicks the mechanical properties of the human 
nucleus pulposus (NP) was developed.   This hydrogel can potentially be used as a 
synthetic replacement of the human nucleus pulposus, which degrades over the lifetime 
of a person.  Glycidyl methacrylate (GMA) was chemically added to the CS chains to 
form an adduct bearing dangling vinyl groups.  These vinyl groups were crosslinked by 
means of a free radical polymerization to form a CS-based hydrogel.  The swelling 
behavior and mechanical properties were evaluated for a series of these hydrogels having 
different molar ratios of CS to GMA.  The different molar ratios gave tunability to the 
hydrogel.  The water absorption capability of this family of hydrogels is similar to that of 
the human nucleus pulposus at various ages.  The swelling behavior indicated that as 
crosslink density increases (molar ratio of CS to GMA decreases), the capacity of the 
hydrogel to absorb water decreased.  For all formulations, the storage modulus was much 
higher than the loss modulus, and the phase angle was less than 45 degrees, indicating 
that all formulations of the hydrogel behave as viscoelastic solids rather than as fluids.  
Iatridis135,161 reported the complex modulus of human nucleus pulposus ranges from 12 to 
52 kPa.  The complex modulus of our hydrogels ranges from 4 to 47 kPa, which overlaps 
the range found for the human nucleus pulposus.  Therefore, this CS-based hydrogel is a 
potential replacement or supplement for the human nucleus pulposus.  In principle, this 
biocompatible hydrogel could be injected as a dry gel into a degraded nucleus pulposus 
and could absorb water in situ.   
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 Chapter 6. Future Work 
 
 The future work proposed for each of the four projects described in this 
dissertation is described briefly below.  
 
 1) Project 1:  “Quartz crystal microbalance, useful for developing procedures for 
immobilization of proteins on solid surfaces.” 
 
 The work described in Chapter 2 can be extended to further demonstrate the 
versatility of the protein immobilization procedure.  To do this, three proteins other than 
ubiquitin will be attached to solid surfaces by means of the procedure described in 
Chapter 2.  Several proteins with histidine tags (required for immobilization) are 
commercially available.  The three proteins selected will be immobilized on both gold 
and silica surfaces, as was done with the ubiquitin in the original work.   
 
 2) Project 2:  “Three-regime kinetics of formation of polymer brushes by means 
of the grafting-to approach.”  
 
 The work described in Chapter 3 can be extended to provide additional proof that 
three-regime kinetics is inherent to the formation of polymer brushes.  It is proposed to 
form polymer brushes of polystyrene and polyethylene glycol (separately) on a third 
surface not yet tried (silica and gold being those already used) – alumina.  Although this 
proposed work is more than the minimum required to prove that three-regime kinetics is 
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 inherent to polymer brush formation, the scientific community is often reassured by 
redundant examples in proof.  
 
 3) Project 3:  “Bisphenol A sensor system based on molecularly imprinted 
polymer, nanoparticles, and the quartz crystal microbalance.”   
 
 The work described in Chapter 4 will be extended specifically to increase the 
sensitivity of the sensor system in order for it to detect levels of BPA in water to the level 
of 100 μg/L (0.44 μmol/L), which is the total allowable concentration reported by U.S. 
Environmental Protection Agency.184   As described in Chapter 4, the detection limit of 
the current MIP sensor system is 0.05 mmol/L (50 μmol/L).  To achieve greater 
sensitivity, we plan to decrease the size of silica nanoparticles from 40 nm in diameter to 
20 nm in diameter.  These will then be coated with the MIP layer; the layer thickness may 
decrease due to the smaller particles, but this will be counteracted by formation of a 
thicker layer of MIP-coated nanoparticles on the surfaces of the silica sensor disc of the 
quartz crystal microbalance.   A bi- or tri-layer of MIP-coated nanoparticles will be 
adhered to the sensor disc, instead of the monolayer as described in Chapter 4.   The 
passing stream of BPA-containing water will have access to all layers of MIP-coated 
nanoparticles by passing through the interstices between spherical particles.  The 
decrease in size of the particles accompanied by an increase in number of MIP-coated 
particles on the sensor disc, when optimized, is expected to result the needed increase in 
sensitivity for the sensor system.  
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   4)  Project 4:  “Synthetic, chondroitin sulfate-based hydrogel found with similar 
properties to nucleus pulposus.”   
 
 The mechanical characterization already done and described in Chapter 5 will be 
extended to include the Poisson’s ratio (lateral strain divided by longitudinal strain) of the 
hydrogel.  This will round out the set of values of mechanical properties found for a wide 
range of variants of this tunable hydrogel.  Poisson’s ratio can be measured optically with 
a flat-field lens mounted directly underneath the surface of the test specimen.185  In 
addition, the future work will include testing the biocompatibility of the hydrogel.  
Although chondroitin-sulfate is already established as a biologically compatible material 
and any loose glycidyl methacrylate has been extracted thoroughly, the hydrogel must 
still be subjected to compatibility testing.  For this, live cells will be encapsulated in the 
hydrogel and the cell vitality at different time intervals will be determined. 
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 Appendices 
 
Appendix. A. Advancing contact angles (sessile drop) for water on various silica 
surfaces.   
 
A.1. Different derivatized silica surfaces showing different contact angles, (multiple 
sessile drops averaged over three cover slips ± 1 standard deviation) 
1. Plain cover slip washed with Piranha solution 
 
°, showing highly wettable hydrophilic surface typical of clean silica 
2. Derivatization of cover slip with 3-aminopropyltrimethoxysilane in toluene at 
50 ºC for 72 h 
 
 62.1º ±  1.8º, showing increased hydrophobicity due to surface coverage 
with aminopropyl groups 
3. Derivatization of cover slip with n-propyltrimethoxysilane in toluene at 50 ºC 
for 72 h 
 
84.5º ± 1.4º , showing even greater hydrophobicity than above due to 
surface coverage with hydrocarbon groups                   
4. UV ozone treatment to remove previous derivatization, then re-derivatization 
of cover slip with n-propyltrimethoxysilane in toluene at 50 ºC for 72 h 
 
o  , for cleaned cover slip 
84.3º ± 1.8º , for re-derivatized cover slip 
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 A.2. Contact angles,  , for sequential reactions on silica surface (multiple sessile drops 
averaged over three cover slips ± 1 standard deviation) 
 
Conditions 
1. Derivatization of cover slip with 3-glycidoxypropyltrimethoxysilane in toluene 
at 50 ºC for 72 h 
 
 
 
 = 53.4º ±  3.3º 
2. Reaction of 3-glycidoxypropyltrimethoxysilane-derivatized cover slip with 
diblock copolymer of polystyrene and polyethylene glycol in toluene at 110 ºC 
for 72 h 
 
 
 = 71.4 º ± 2.7º, showing increased contact angle from added 
hydrophobicity due to polystyrene block 
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 A.3. Contact angles, , for different derivatization of QCM sensor crystals (multiple 
sessile drops averaged over five sensor crystals ± 1 standard deviation) 
 
1. Derivatization of QCM crystal with triethyleneoxypropyltrimethoxysilane  in 
toluene at 50 ºC for 72 h 
 
 
 39.7º ±  2.6º 
2. Triethyleneoxypropyltrimethoxysilane-derivatized QCM crystal exposed to 
ubiquitin solution for 10 h at room temperature  
 
 38.7º ±  1.9º, showing no change from previous 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
186 
 
 A.4. Contact angle  study for different derivatized silica surfaces (multiple sessile drops 
averaged over five sensor crystals ± 1 standard deviation) 
 
1. Triethyleneoxypropyltrimethoxysilane-derivatized QCM crystal subsequently 
treated with 3-glycidoxypropyltrimethoxysilane for 48 h at 50 ºC 
 
 47º ± 2.8º, showing increase in contact angle due to infilling with 3-
glycidoxypropyltrimethoxysilane 
2. Triethyleneoxypropyltrimethoxysilane-derivatized QCM crystal subsequently 
treated with 3-glycidoxypropyltrimethoxysilane and then exposed to ubiquitin 
solution for 48 h at 50 ºC 
 
 46.7 º ± 3.4º, showing no change from previous 
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 A.5. Contact angle  study for different derivatized silica surfaces (multiple sessile drops 
averaged over five sensor crystals ± 1 standard deviation) 
 
1. Triethyleneoxypropyltrimethoxysilane-derivatized QCM crystal, infilled with 3-
glycidoxypropyltrimethoxysilane, and reacted with amine-ended polystyrene at 
110 ºC for 24h 
 
58 º ± 1.7º, showing increased hydrophobicity due to reacted polystyrene  
59.5 º ± 2.5º, experiment repeated showing no difference from above 
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 A.6. Advancing contact angles made by water on 3-glycidoxypropyltrimethoxysilane-
derivatized cover slips as a function of time under different exposure conditions (multiple 
sessile drops averaged over three cover slips ± 1 standard deviation) 
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 A.7. Advancing contact angles made by water on n-propyltrimethoxysilane-derivatized 
cover slips as a function of time under different exposure conditions 
 
 
 
 
Appendix. B. Supplementary figure for ch. 4, bisphenol A sensor system based on 
molecularly imprinted polymer, nanoparticles, and the quartz crystal microbalance 
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 UV spectrum for 1 M HCl (red) and 1 M HCl containing BPA extracted from MIP-
coated nanoparticles (black)   
 
 
 
 
 
 
 
 
 
Appendix. C. Supplementary figure for ch. 5, synthetic, chondroitin sulfate-based 
hydrogel  
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 Scanning electron microscopy image of lyophilized CS-GMA based hydrogel having 
molar ratio 1:200::CS:GMA.  
 
 
 
 
 
 
 
 
 
Appendix. D. Statistical analysis 
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  Gaussian distributions of values were assumed and variation (error) was assumed 
to be random.   As samples, multiple replicate specimens were used.  For project 1 this 
meant multiple, identically prepared surfaces at each step of the multi-step process of 
protein immobilization.  For project 2 this meant multiple, identically prepared polymer 
brushes.  For project 3 this meant multiple, identically prepared objects used in each step 
of the construction of the MIP sensor disc.   For project 4, this meant multiple, identically 
prepared hydrogels for each formulation.  The use of replicate specimens permitted use of 
the sample mean and the sample standard deviation: 
   Mean of a sample = 
i
i
N
x
x ∑= , 
   Standard deviation of sample = 
1
)( 2
−
−
= ∑
N
xx
s i , 
where xi is the individual measured value and N is the number of replicates.  In nearly all 
cases, five or more replicates were used.  In the case of the native chemical ligation of the 
protein ubiquitin, it was only possible to use three replicates because the protein was in 
short supply.   
 
 To test for absence or presence of difference between two samples, the Student’s 
t-test (two-tailed) was used.186  The value of t was computed from: 
   
2
2
2
1
2
1
21
N
s
N
s
xxt
+
−
= ,  
Where ix  is the mean for sample i (either sample 1 or sample 2), si  is the standard 
deviation  of the sample, and N is the number of specimens in the sample.  Once t is 
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 computed, a table of percentage points for t-distributions is used to locate the 
corresponding value of p.  For the two-tailed test used in our computations, this p-value 
must be doubled.    Then the p-value is compared with the criterion value, 05.0=α  for 
judgment of whether the Null Hypothesis should be accepted or rejected.   When p, read 
from the table of percentage points, was less than or equal to 0.05, the Null Hypothesis 
was rejected (samples are not the same).  However, when p was larger than 0.05, the Null 
Hypothesis was accepted (samples were from same population of specimens).   The use 
of  05.0=α  implies only a 5% risk of being in error in one’s judgment. 
 
As far as could be determined, all of the variation (error) in measured values, for both 
experimental samples and control samples, was random.  No source of systematic error 
could be identified.   Typically, in the work reported, the variation (error) was expressed 
as ± one standard deviation from the mean of a Gaussian distribution.    
 
One salient example of different sizes of error for two versions of a measurement 
technique applied to the same type of quantity is the example given by  -values 
obtained for treated sensor discs by means of discrete, dry measurements in air and 
continuous measurements in the flow cell.    The random error for the discrete 
measurements in air is much larger than that for continuous measurements in the flow 
cell.   The source of this difference in variation can be found in the steps involved in the 
discrete measurements.  The disc must be removed from the flow cell for drying prior to 
the measurement, and then after drying, must be replaced in the flow cell in the absence 
of flowing liquid.   Additional Increased variation is introduced by the act of removing 
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 and resituating the sensor disc in the dry flow cell.  Re-situation involves not only lifting 
out and replacing the sensor disc but also loosening and re-tightening of the clamps.  It is 
this repeated manual operation, performed only once at the beginning of measurements 
made in the flow cells, that introduces additional random error.   
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